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PREFACE 


The present volume marks the first half-decade of publication of the 
Annual Review of Nuclear Science. Therefore it seems appropriate to note 
here some of the basic problems which the Editorial Committee has faced in 
determining the content of these volumes and to record the method by which 
these problems have been resolved. 

One important question has been, ‘‘To whom are the individual reviews 
directed?’’ We have concluded that a variety of readers must be considered, 
ranging from the specialists in the field under review, who probably will not 
learn very much new, to the scientists in neighboring fields, who will prob- 
ably profit substantially. Other readers will profit mainly from those chapters 
dealing with common phenomena of broad scientific interest and those 
written by authors particularly adept in expressing novel and complex ideas 
in simple terms. Because of these realities the individual chapters will have 
a varying usefulness to those working in fields remote from the ones under 
review. 

Another difficult question is, ‘‘What is the proper scope of the volumes?” 
We have been unable to find a rigid definition of ‘‘Nuclear Science’’; in fact, 
we are not certain any can exist. An expanding field has by its nature unde- 
fined boundaries. We feel certain that nuclear physics, pure and applied, 
experimental and theoretical, belongs here. But, for example, radiation 
chemistry—does this belong to these volumes, or is it properly a matter for 
the Annual Review of Physical Chemistry? We have gradually come to the 
conclusion that it is physical chemistry and will place it in that category. 
Nevertheless, we may, with appropriate consents, reprint a chapter on this 
subject from the Annual Review of Physical Chemistry whenever we believe 
it will make the nuclear science series self-contained. 

It has also been difficult in defining the scope of these volumes to decide 
the extent of coverage appropriate to radiobiology. All agree that nuclear 
science includes the interactions of nuclear radiations and matter. But does 
‘‘matter”’ include living organisms and biological materials? We have taken 
the position that the answer is in the affirmative and have included chapters 
on this subject. We have been influenced by the increasingly frequent en- 
counters between radiobiologists on the one hand and nuclear physicists, 
solid state physicists, ef al. on the other. These professional interactions may 
be during competition for reactor irradiation facilities, or in mutual efforts 
to bring order into radiation dosage definitions and measurements, or in the 
rather personal concerns over the health and safety aspects of research with 
nuclear radiations. Obviously no rigid rules can be set for the amount of 
discussion on biological topics in any volume. 

Of the many other problems faced by the Editorial Committee in plan- 
ning each volume, one stands out in difficulty. This is the question of timing. 
Complete coverage in any one volume is clearly impossible. Consequently 
we have to be concerned with when to include a review on any particular 
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subject. Is the topic “ripe’’ for reviewing? Has anything of consequence 
happened since the last review? Have journals or books appeared (or are 
they about to appear) which would make a review at this time inappropriate? 
There seems to be no simple formula for obtaining the answers to such 
questions. It is a matter of predicting each year the activity and accomplish- 
ments expected during the next year and a half or more (the interval be- 
tween the invitation to the author and the appearance of the corresponding 
volume). Some topics seem always timely (e.g., mesons, big and little). 
Others are referred to in books as “closed” (e.g., positronium). Most are 
intermediate, and the Editorial Committee is forced to prognosticate. 

Of comparable difficulty to the timing question is the space allocation. 
This is, of course, related to the scope of the review and to the intended 
audience. Even with these latter items fixed, the optimum number of pages 
to be available for each chapter is still debatable. Too few pages tends to 
stimulate a review which is essentially an annotated reference list; too many 
pages encourages inclusion of material of secondary interest. Although there 
is a happy medium, unfortunately this is also a function of subject and 
author. Experience of the Editorial Committee indicates fewer and longer 
chapters per volume to encourage more valuable articles. As a consequence 
the present pattern is about fifteen chapters per 450 page volume. Of these 
chapters, perhaps one-third are twenty pages or less, the balance being sub- 
stantially longer. Further reduction in the number of articles per volume 
could be accomplished only by reducing the scope of the volume or by re- 
questing each individual author to cover much more ground than his spe- 
cialization might support. (One other concern associated with the practice 
of having relatively few, lengthy chapters is the possibility of fluctuation, 
i.e., the unexpected loss of any one article reduces the volume size by an 
appreciable fraction.) 

In spite of these and other problems, the Editorial Committee believes 
the results to date have been well worth the effort. The steadily increasing 
proliferation of research papers in the literature of nuclear science steadily 
increases the value of such integrating activities as these volumes represent. 

It should not be construed from the above comments that the Editorial 
Committee considers its actions as creative. The real creators of each Annual 
Review are the contributing authors. To them belongs the credit, and to 
them we express our appreciation. 

As an aid in using the first five volumes, a chapter title and author index 
for volumes 1 through 5 has been included following the present volume 
index. 


J.G.B. M.D.K. 

C.D.C. L.LS. 

L.F.C. E.S. 
R.E.Z. 
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ERRATA 


Volume 4 
page 274: In the second paragraph following the subtitle Range: The 
authors regret their oversight in the references cited (on the range- 
energy relation) of the following: Menon, M. G. K., and O’Ceallaigh, 
C., Phil. Mag., 44, 1291 (1953); Baroni, G., Castagnoli, C., Cortini, G., 
Franzinetti, C., and Manfredini, A., C.E.R.N., Rept. BS-9 (July, 1954). 
page 276, line 26: for “other events, etc.,”” read “‘other events and meas- 
urement of mass.”’ 
page 286: Delete second sentence of the last paragraph and replace with: 
“They are derived from the potential path length of the particle in the 
chamber and the observed path length to the point of decay.” 
pages 291-92: The authors wish to point out that Figure 3 refers to evi- 
dence up to May, 1954, and is not consistent with text on page 293. 
A copy of a revised Figure 3, based on July, 1954, evidence, may be 
secured on request from the authors. 
page 293, lines 12 ff.: Add the following sentence to conclusion (a): ‘“‘After 
a special search for negative tracks among the apparent protons, one 
was found of mass (1250+90)m,.”" Replace conclusion (e) with ‘‘Two 
S-particles which are observed in both chambers have secondaries with 
ranges consistent with the unique value of 90 gm./cm.? Pb.” Delete 
3 second sentence of conclusion (f) and replace with: ‘“‘The Indiana group 
(47) finds that two of their V-particles’ secondaries whose momenta in 
the center of mass system are measurable both have # consistent with 
220 Mev/c.” 
page 295, ninth line from the bottom of the page: In the description of 
event Br2, the distance cited should read 1.1 mm. instead of 5.67 mm. 
page 301, line 15: For “In view of” read ‘‘Even admitting.” 
page 303: Delete sentence immediately preceding Figure 7 (“It is not... 
fill the gap.”’), and replace with the following: ‘‘As happened with the 
T, it is possible that other new groups of particles may be found with 
the increased range afforded by the emulsion stacks.” 
page 305: Footnote 4 should refer to “E.P. group” instead of ‘‘P.E.P. 
group.” 
page 315: The following acknowledgment was omitted from ‘‘Penetration 
of Heavy Charged Particles in Matter,”’ by E. A. Uehling: 
This report has been prepared at the suggestion of the Subcommittee 
on Penetration of Charged Particles in Matter of the National Re- 
search Council Committee on Nuclear Science. Its preparation has 
been assisted by the joint programs of the Office of Naval Research 
and the Atomic Energy Commission. 
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ELECTROMAGNETIC TRANSITIONS 
IN NUCLE? 


By M. GOLDHABER AND J. WENESER 
Brookhaven National Laboratory,? Upton, New York 


INTRODUCTION 


Since the properties of the electromagnetic radiation field are well under- 
stood, it appears to be an excellent probe to test the details of nuclear struc- 
ture. For a long time it has been known from studies of the photodisintegra- 
tion of the deuteron that the simple nonrelativistic convection and spin- 
currents explain the main features of nuclear electromagnetic interactions. 
However, finer questions still remain to be answered. These questions arise 
in connection with the type and magnitude of exchange currents which one 
is forced to postulate, e.g. because of the magnetic moment anomalies found 
for H* and He’, and in consonance with ideas on the role of mesons in nuclear 
interactions. The evidence indicates that these currents are probably small. 
If we assume, therefore, that the exchange currents can be neglected in first 
approximation, we can make use of electromagnetic interactions to test cer- 
tain aspects of nuclear models, and correlate them with the many other types 
of information. 

It should be noted that there is a close relationship between the static 
moments of nuclei (e.g. magnetic dipole moment, electric quadrupole mo- 
ment) and the multipole moments obtained from the probabilities of radia- 
tive transitions between nuclear states. In the region of practical interest, 
the region of relatively low photon energies, the transition multipoles are the 
off-diagonal elements of the same operator of which the static multipoles 
are the diagonal elements. 

We have here adopted the simplest assumptions on charge and current 
densities and have used these in discussions of the one-particle shell model, 
the many-particle shell model, and the collective model. There is a region 
of low A (A $20), where the intermediate coupling shell model appears suc- 
cessful. In the rare earth region (A~170) the collective model appears suc- 
cessful. In the great intermediate region there seems as yet to be no definitive 
model for the low-lying levels. Finally, we discuss the evidence on the forms 
and magnitudes of exchange currents. 

Since the experimental material on y-ray transition probabilities was re- 
cently reviewed (1) and has not changed essentially in the intervening pe- 
riod, we emphasize the theoretical basis in this review, going back over the 
developments of the last few years.* We shall, however, confine ourselves 


1 The survey of literature pertaining to this review was concluded in April, 1955. 

2 Under the auspices of the United States Atomic Energy Commission. 

* For a review of earlier work see E. Segré and A. C. Helmholz, Rev. Modern 
Phys., 21, 27 (1949). 
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only to those topics that shed light on the basic nuclear electromagnetic in- 
teractions, in order to delimit our subject from nuclear structure as a whole. 


THE MULTIPOLE EXPANSION 


The interaction of the nucleus with the electromagnetic field is described 
in terms of a charge and current density. The part of the Hamiltonian, Hyaa, 
that contains the interaction corresponding to the absorption or emission of 
one photon is 


1 
Arad = —— f 5-Adr. 3. 
c 


Here J is the current density and A is the vector potential of the radiation 
field. In this section we shall develop expressions for the matrix elements of 
Hysa, Which are convenient for nuclear physics. These expressions are based 
on the properties of the radiation field and are independent of the nuclear 
model assumed. One property of the current that will be used is the continu- 
ity equation for the current density: 


V-J + dp/at = ¥-J+— [H, 0] =0. 2. 


A familiar form for quantization of the electromagnetic field is that in 
terms of plane waves (2). The matrix element for the emission of a photon 
of energy E=hc k, direction k and definite circular polarization is 


(4 (2nch/k)'*(—1/e) f J-ene tar | i); 3. 


here A\= +1, e; and e_; are the circular polarization vectors, and i,f refer to 
the initial and final states. This plane wave expansion, while very convenient 
for problems involving essentially plane-wave particle states, is not so suita- 
ble for the calculation of transition probabilities between nuclear states of 
well-defined angular momentum and parity. It is far more convenient to 
expand the electromagnetic radiation field in eigenfunctions of the angular 
momentum and party operators (3): 


© L 
eneikT = 7 2 Pet + 1)¥*Dy.,2(R){ A(L,M) +(—d)Am(L,M)}. 4. 
=l =— 
The Dy” (R) are the elements of the transformation corresponding to the 
rotation, R, that carries k, e, into the co-ordinate axes; Dy,” completely de- 
describes the transformation properties of a tensor of rank L and of an eigen- 
function of total angular momentum Lh. The A,(L, M), An(Z, M) can be 
written in the operator form 


2\u2 1 1 
AL, M) = (-) (Le + = 3 ‘YX L)ju(kr) Yi™ (6, 4), 5. 


2\"2 1 
An(Z,M) = (=) TEED a UTM, 0), 6. 
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where L= —irX¥V. This is just an expansion in terms of the usual multipole 
fields (3, 4); A.(Z, M) is the vector potential of the electric L-multipole field, 
A,(L, M) of the magnetic L-multipole field. A(Z, M) corresponds to a total 
angular momentum of Lh and a z-component of Mh. Under the parity trans- 
formation (reflection), the A,(L, M), Am(L, M) transform differently: 
AL, M) > (—1)*"'A(L, M) 
A,(L, M) — (—1)4A,(L, M). 
The total transition probability, T, is formed by summing over all 
possible photon directions and polarizations: 
2 
Veg, 


T = 4x2 ch , x > (5|— f 9: ett, Moar 
hE = gmesm Lal Ma—L ec 
Suppose we are concerned with a transition between the states i and f of 
characters (spin, parity) (Ji, ;) and (Jy, my) respectively; defining a quan- 
tity ~, which is 0 for even parity and +1 for odd parity, we see that the 
multipoles that can contribute are delimited by 


Jet Jp = Lz \|Ii-—J,|, 


7 








and by the further conditions: 


pi + Py + L = odd for magnetic multipoles 
pi + py + L = even for electric multipoles. 


The parity rules are easily derived from the form of the operator entering 
in the matrix element (equation 3) if we use the parity transformation prop- 
erties of the A(Z, M) (equation 7) and remember that the current J changes 
sign under a parity transformation. 

Designate the electric multipoles by £1, E2, etc., and the magnetic multi- 
poles by M1, M2, etc.; Table I shows all the hitherto observed multipole 


TABLE I 
OBSERVED MULTIPOLE TRANSITIONS 








Multipole L 1 2 3 4 5 





Yes Ei—— M2 E3 M4 ES 
Parity change 
No Mi——E2 M3 E4 








transitions. In practice, however, only a few multipoles need to be considered 
in any particular case. To see this, we note the order of magnitude of the 
combination (kr)? that appears throughout: 
A*/3F2(Mev) 

2x10 ’ 


(kr)? ~ (2eR/d)? ~ 
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and this is <1 for transitions between the low lying states, E<1 Mev. 
Since the quantity that enters in the vector potential of the L-multipole is: 


, (kr)” 

ju(kr) ~OL+Dil’ 9. 
we see that the lowest possible multipole transition is greatly favored for 
kr1. The range of energies for which (kr)<1 is frequently called the “long 
wave-length” region. In fact, usually only the lowest possible multipole 
contributes, but sometimes also the next order will appear. It is this fact 
that makes the measurement of multipole order so useful a tool in the assign- 
ment of characters to levels. The most important examples of mixed multi- 
poles are found for Mi+£2 and £1+ M2 transitions; these are indicated in 
the above table by connecting lines. 

In the following sections we shall give the results of the application of 

various models in calculations of the basic quantity: 


(5|— f 4: ante, anar i), o = em. 10. 


It is worth remarking here that the rather cumbersome forms for these 
quantities are simplified in the long wavelength approximation. Thus: 


1 2\2 /L+1\v2 ke 14 
oJ Addy aNar = - (=) ( L ) areph eS ot¥ eM 0, ede 


+ higher order terms, 








where we have used the current continuity equation. The fact that the elec- 
tric multipole matrix elements depend only on p, the charge density, has been 
derived in other but equivalent ways (5). The magnetic part of the interac- 
tion Hamiltonian is: 


1 2\" i 1 
— fF AntL, M)dr = (=) aes 


f twice) 72, )]-( x Dar. 


12. 


The M1 transitions (L=1) are especially interesting; in the long wave- 
length approximation the matrix element corresponding to (equation 12) be- 


comes proportional to 
(| a. f x Dae i). 


The connection between this transition matrix element and the static mag- 
netic dipole moment is readily seen from the expression for the latter: 


1 
p= (4, =s|= em f rx Dar 





J,M -J). 





Thus, the magnetic dipole moment is proportional to the diagonal element of 
the same operator that gives in its off-diagonal terms magnetic dipole transi- 
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tions. The electric quadrupole moment and the electric quadrupole transi- 
tion matrix element are similarly related. 

We summarize the results for the transition probabilities for electric and 
magnetic L-multipoles, in the long wavelength limit: 


e? L+1 
ri L = — fet e . 
(L) = 8ne = a B,(L) 13 
2 
ett an tie Se xpos ee 14, 


he L[(2L + 1)!!]? 
where 


B,(L) = »s y | (4, M,|— f pr“ VM (0, o)dr | Ji, M;| )) 


f [vri¥i™ (0,6) ]-1 X Jdr 





B,,(L) = »e ry | (4, M; 





2 
Ji; as)). 


In later sections we shall evaluate these expressions for various models. 


| 1 1 
L+1 e€ 


ZERO ANGULAR MOMENTUM TRANSITIONS 


It is well known that since the radiation field is purely transverse there 
can be no one photon transitions in which zero angular momentum is carried 
off. Transitions between two J=0 states of the same parity occur by inter- 
nal conversion or internal pair formation (6, 7, 8);4 formally, these can be 
thought of as one-photon longitudinal transitions, which are given the name 
“EO transitions.” 

By a suitable choice of gauge for the L=0 multipole, the Z0 transition 
can be written in terms of the matrix element of the instantaneous Coulomb 
interaction between the nuclear protons and the electrons. The nuclear 
part of this matrix element—in lowest approximation—is proportional to: 


f v,;* po rp*¥0°(Op, dp)vidr, 
P 


>» signifying a sum over all the protons. The electron part has been calcu- 
lated to date only in the point-nucleus approximation for the wave function. 

It has been pointed out by Church (9) that there is an Z0 contribution in 
the heavy elements of possibly considerable magnitude for all (AJ=0, No) 
transitions. However, since a nuclear matrix element different from that in 
either the M1 or E2 parts of the transition probability appears in the ZO 
part, no a priori predictions of the relative importance can be made. For 
orientation purposes one can compute the £0 transition probability by 
using Thomas’ formula (6), which involves the point nucleus approximation 
for the electron wave functions, and estimating the nuclear matrix element 


by: 
J Ys* Do 152Vo(Op, bp Wid ~ Ro®/(4x)"?, 15. 


* Nonrelativistic calculations are given by Blatt & Weisskopf, and by Sachs (8). 
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where Ro is the nuclear radius. From a study of 0-0 transitions (7) it appears 
that, empirically, EO transitions may be about a factor of 10 slower than 
this estimate; even with such a slow-down factor the EO may be important 
in some (AJ =0, No) transitions in the high Z region. 


CALCULATIONS ON VARIOUS MODELS 


A reasonable first choice for a charge and current density is that based 
on ascribing to each nucleon the convection and spin current density it would 
have if it were a point particle independent of the other nucleons, 


J= Zz. CoPa./M5(¥ se Ta) = 5 VX uvaded(r — Ta), 16. 
a 


and a charge density localized on the point, nucleon, 
 ilincas 2 €aS(r ss Ya); 


where é, is the charge, ua the magnetic moment, mq the mass of the ath 
nucleon. On introducing the isotopic spin notation these can be written in the 
useful form: 


= =r balmad(t — Ta) — (uw + Hp) VX Gad(4 — Ta) 


- lad. To Pa/Me5(r — Ta) — (un — Mp) >, Vx CaT ad(r — Ya), 
a a 
where 7,°= +3 for a neutron, —} for a proton. Similarly 
e 
diet. > 8(r — ra) — € >, 7a°S (4 — Ta). 19. 
Qa a 


Isotopic spin selection rules——For the low Z nuclei it has long been 
thought that isotopic spin, T, is a good quantum number, and that charge 
independence of nuclear forces applies. From the fact that J and p are the 
sum of isotopic spin scalar and vector parts it follows directly that only 
AT=0, +1 is allowed for any multipole transition (10). However, for elec- 
tric dipole transitions still more restrictive rules apply. In the long wave- 
length region the relevant quantity is: 

2 
> 


20. 


3 
B.(1) = — DU >| f ¥7*(J7, My) DS (Bra — tae) eC Y:(Ji, Madr 
4a M My a 


where e™) are the usual co-ordinate vectors. The first term, the scalar part, 
is, for a system of particles of equal mass, just proportional to the coordinate 
of the center-of-mass; so )-afa=0 and 


2 


3 
Bil) = 7 Elf VTi, My) Le ra%ta CO Yi(Ti, Mi)dr | . 21. 
a7 M My a 


There remain, then, for electric dipole transitions the additional stronger, 
vector selection rules (10, 11, 12) (T=0-—T=0) forbidden, and AT=0 
forbidden for T,=0 (self-conjugate nuclei). 
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There is a very similar consequence from the less-restrictive charge 
symmetry hypothesis (11, 13). This is based on an equality between neutron- 
neutron and proton-proton forces, without specifying the relation between 
these and neutron-proton forces. Then, since in a self-conjugate nucleus, the 
Hamiltonian is invariant to interchange of neutrons and protons, charge- 
parity is a good quantum number. That is, the wave-functions are odd or 
even with respect to an interchange of neutrons and protons. Since the 
operator in B,(1) as written in equation 21 is odd in the interchange there 
is the selection rule: (even—even), (odd—-odd) forbidden. This is included 
in the results of the charge-independence hypothesis under the selection 
rule: AT =0 is forbidden for T, =0. 

Wilkinson and collaborators (14) have shown experimentally that in 
several light nuclei for which T,=0 the AT=0 transitions are, in fact, 
markedly impeded, while in nuclei for which T,#0 the AT=0 transitions 
go at normal speed.® These, then, only test the weaker charge symmetry 
hypothesis. It would be most interesting to test experimentally whether the 
stronger hypothesis (charge independence) can also be verified for electro- 
magnetic transitions, although it seems difficult to devise reliable tests of 
the selection rule that AT =2 is forbidden. 

While the above-mentioned £1 transitions are impeded, they are not 
completely stopped. Theoretically, there are small contributions to the 
matrix elements from a number of sources: the slight difference between the 
neutron and proton mass, the terms neglected in the long wavelength ap- 
proximation, and, most important, the Coulomb forces that mix different 
isotopic spin states. The observed intensities of the “‘T forbidden”’ electric 
dipole transitions appear to be compatible with what is expected from these 
contributions (15, 16). It should also be remarked here that the charge 
density, p, can be altered by the addition of exchange contributions without 
altering the ‘‘T selection rules,’’ provided these additions have the same 
transformation properties as the Z-component of an isotopic spin vector (17). 

The one-particle shell model—The Mayer-Jensen (18) shell model has 
achieved great successes in affording an understanding of the spins and 
parities of the low-lying levels. Its quantitative results for magnetic moments, 
quadrupole moments, and 8 and y transition probabilities have been less 
uniformly successful. However, its order of magnitude predictions have been 
useful; the failures of these have pointed to the drastic revision made by the 
collective model which we discuss later. 

The shell model of the nucleus is based on the postulate that as a first 
approximation the last few nucleons see the remaining nucleons only as an 
average, central potential of a shape intermediate between a square-well 
and a harmonic oscillator. A large spin-orbit interaction is postulated to 
split up the one-particle levels according to their spin-directions, lowering 
the j =1+-} states and raising the 7 =! —} states. The states are, then, roughly 
as shown in Table 2. 


5 See also reference (12) for a comparison with experiments, 
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TABLE II 


NUCLEAR SHELL CONFIGURATIONS ON THE MAYER-JENSEN SCHEME 








Shell I II Ill II!’ IV 





Configurations Apslpize | Idslds2sie | 1fze | 1f522ps2pirelgore 





Total Occupation 4 20 28 50 
Number 

















Shell V VI 





Configurations 1¢7/22d5/22d3/23s121 hire 1ho/22f7/22f5/23ps/23prseliaye 


Total Occupation 82 126 
Number 














In this section we shall discuss the case of a nucleus with one particle 
outside a closed shell. The wave-function of this state is 


v(n, I; J, M) = Raarlr) (J, M) 22. 


@(J, M) is the spin and angular part. R,,(r) is the radial part corresponding 
to the orbital angular momentum, /, and is further specified by the additional 
quantum number, n; (n—1) is defined as the number of eigenstates corre- 
sponding to the same /] that have appeared at lower energies; alternatively, 
(n—1) is the number of nodes other than at the origin or at infinity. R,,;:(r) 
alone depends on the shape of the central potential. 

Consideration of electric multipole transitions (19 to 22) require the evalu- 
ation of 


2 
B(L)=>> | furus My) > cata” Vi (Oa, bavi(Ji, Mi)dr | , 23. 
M My a 


where ¢=1 for a proton, 0 for a neutron. There still remains, however, the 
constraint of the constancy of the center-of-mass. Actually this constraint 
condition makes the calculations intractable and for this reason has not been 
properly resolved. However, an approximation frequently used is based on 
considering a simple two-body problem, the outer nucleon and the core. 
Then, 


BL) = 2X > ex? f Ruy.y*(r) B*(S7, Myr? Vi™ (0, 6) Rnj.1;(7) i, Mi)dr : 24. 
a 


where €z, is an effective charge given by 


A—1\% Z—e 
eL? = ( . ) +(-0 qe |° 25. 


In view of the uncertainties of the calculation, €z is usually approximated as 
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x = 1 q = + Py 
Pee ex =1 if e = 1 (proton), 
er~0 if e = 0 (neutron). 


While this recoil mechanism allows a small effective charge for neutrons 
in electric multipole transitions, this provides only a very weak radiation 
mechanism for L 22. 

The simplest and most elegant way of evaluating equation 24 makes 
use of the Racah methods (21, 22), since we have here to do with the evalua- 
tion of the matrix elements of irreducible tensor operators in a representation 
in which the angular momentum is diagonalized. As these have been exten- 
sively applied, we repeat only the results: 


Rot 


B,(L) = f Rny.ty* = L ote 1,7 2dr *s.(Jis Jy, I), 


where S,, called the statistical factor, is given by 
Sai, Jp, L) = [Z%li, Je, ly, J; §L) }2/(2Is + 0), 27. 


and where Ro is some conventional radius. Since the Z® functions have been 
rather completely tabulated (23), the angular integrals are easily available. 
The several selection rules are those given by angular momentum and parity 
conservation. The radial part, 


L 2 
Rin, is mys) =| f Reay* Hs Rocptar| , 28, 
0 


depends on the details of the potential. It will be written in abbreviated form 
as R(L), the specific dependence on the initial and final state being under- 
stood. 

In summary 
e L+1 
fe L[QL + 1)t!? 
The calculation of the magnetic multipole matrix elements (19 to 22) 


is more complicated and requires amplification of the Racah techniques. 
The results [as taken peo from Kennedy & Sharp (22)] are 


TAL) = 2c R*L+1e72RPLS(J;, Jz, L)R(L). 29. 


B(L) = ~' Rett| ff Raya? on Rawaptdr| Sm 30. 
Sn = ~ 1, Ji, ly, Jr; 4, LD) P/QI: + 0), 
where the signs in the Z°® coefficients are determined by 
(+1) oJ; = 1] + }, (k- 1 os; =h — 4. 


The M, is fairly complicated and is given in Table 3. However, the situation 
is especially simple for the case of a basic transition (defined by |J;—J;| 
=J): 
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£ 
My = (ool ~s +1 proton 
oi. 
= unl neutron; 


there should, then, be an especially simple relation between proton and 
neutron transitions if the configurations involved are otherwise the same. 




















TABLE III 
COEFFICIENT M, FOR MAGNETIC MUTIPOLE MATRIX ELEMENT* 
j=l+3 j=l-} 
j=+4 j=l -4 j=I+4 j=t-} 
G jt+j'—-L ~(L+7 —j+1) —(L+j-—j+1) —G+j’+L+4+2) 
F | 4G+/+L+1) 4L+i-7) ML-jti’) = 4G+s’-L +1) 








* M,=F,+FG(e/L+1) 
e=1 proton 
e=0 neutron 


Besides the selection rules that follow from angular momentum and par- 
ity conservation, there is the additional model dependent rule: 


;=4+(L-—1). 32. 


So, magnetic transitions in which AJ >(ZL—1) are forbidden. In the special 
case of an M1 transition the rules require /;=/;; the radial integral is, how- 
ever, 


f Ray tRn;. dr, 


which because of the orthogonality is zero unless n;=n,. Thus, in the one- 
particle shell model only spin-flip M1 transitions are allowed, e.g., 13/2 
—1piy2 but not 1dg2—-+151/2 or 232-1 p12, 13/2. Whether a selection rule 
is obeyed or not throws light on the nature of the wave functions and cur- 
rents. It is interesting that there are many ‘‘d32—+5,/2”’ transitions which 
appear to be considerably slower than the theoretical value, but which are 
still quite sizeable (24). An explanation in terms of exchange current effects 
has been put forward (25, 26). Configuration mixing (27, 28) would also 
cause violation of the simple selection rules; the deviation of the magnetic 
moments from the Schmidt limits is just one piece of evidence in favor of 
such configuration mixing effects. The allowed spin-flip transitions are gener- 
ally of a fairly high energy and so have lifetimes too short, as a rule, to be 
measured with present techniques. It should be remarked here, however, 
that these are not the only allowed M1 transitions; for an example of these 
consider the odd-odd nuclei. The coupling between the neutron and proton 
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configurations gives rise to splitting between the states of different J. Since 
there is no change in configuration, the M1 transitions between these states 
should be allowed, and since the energies of splitting may be low there is 
hope of measuring these lifetimes. 

Center-of-mass effects in magnetic transitions are fairly small and of in- 
terest only for low A nuclei. We have therefore omitted them here [Kennedy 
& Sharp (22)]. In summary we write 


@  %L+1) 
he L[(2L + 1)!!)? 


In Figures 1, 2, and 3 are plotted all the known data on multipole transi- 
tions. The ordinate corresponds to a reduced transition probability, the 
point being to remove the energy and radius dependence predicted by the 
relations for the transition probabilities, T, and 7,,. Also indicated are the 
theoretical values for these reduced probabilities as given by the relations 
equation 29 and equation 33, with the respective statistical factors, S, and 
Sm, placed equal to 1, M,?=[u,L—L/(L+1)]*, as for a basic proton transi- 
tion, R(L) approximated by [3/(L+3)]?, and R,=1.2A* x10. These 
are applicable because the more accurate values of the statistical factors and 
the fuller considerations of the many-particle shell model do not change the 
orders of magnitude. It is seen that there is a definite separation between the 
different multipole orders, as predicted by the theory. However, the wide 
fluctuations in values indicate that the nuclear wave-functions may be very 
different from the one-particle cases, so that each should be considered 
more closely. 

It would be well to point out here some of the limitations imposed on 
obtaining information on electromagnetic transition probabilities. First of 
all, the transition probability must be measurable by the available tech- 
niques: (a) Direct lifetime measurements are possible only if 7210~® sec. 
Thus for the lowest multipoles, E1 and M1, the measurable cases are as a 
rule restricted to transitions where the matrix element is very small. Among 
the £2, M2 multipoles most of the lower energy transitions can be reached by 
this technique; (6) Coulomb excitation measurements are possible on £1 and 
fast £2 transitions that connect with the ground state; (c) Resonance fluor- 
escence of y-rays are being used, especially by Metzger, to study fast ground 
state transitions, T<10~° sec. 

Secondly, the miltipole transitions available for measurement depend on 
the accidents of nuclear level order. In fact, the nature of the low-energy 
nuclear levels is such that only a few kinds of multipole transitions between 
pure states can appear. The existing data are most exhaustive for £2 transi- 
tions in even-even nuclei and M4 transitions in odd-even nuclei. It is impor- 
tant to note that just these data show a most regular behavior. While more 
exact models will have to fit quantitatively all the transitions in any given 
nucleus, we shall here confine our further considerations principally to the 
M4, E2 and “l-forbidden” M1 transitions which shed light on the general 


hk \? 
Tn(L) = M,2c RALt1Ro2L~2 (—.) R(L — 1)Sm. 33. 
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Fic. 1. Reduced lifetimes for M1, M2, M3, M4 transitions plotted against neu- 
tron number, N. The lines correspond to the theoretical values for single proton 
transitions, with the statistical factor, S,, taken equal to unity, and the radius given 
by Ro=1.2X10-%A"/8, [A modified version of a plot given by Goldhaber & Sunyar 
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Fic. 2. Reduced lifetimes for E2, E3, E4, ES transitions plotted against neutron 
number, N. The lines correspond to the theoretical values for single proton transi- 
tions, with the statistical factor, S,, taken equal to unity and the radius given by 
Ry=1.2X10-1%A1/3, [A modified version of a plot given by Goldhaber & Sunyar (1).] 
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features of nuclear structure and currents. Before doing this, some many- 
particle shell model formulae are obtained. 

Many-particle shell model—Suppose now we have several particles in a 
sub-shell. Just what form of interaction exists between these particles is not 
known, since it is not clear what part has been already included in the shell 
model approximation. The configurations involved can be more definitely 
specified; since excitation to higher shells involves high energies, it is reason- 
able to assume that the low-lying states correspond to those configurations 
formed by occupation of the sub-shells of the last unfilled shell only. By 
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Fic. 3, Reduced lifetimes for 1 transitions. The line corresponds to the theoretical 
value for single proton transitions, with the statistical factor, S,, taken equal to 
unity, the radius given by Ro=1.2X10-%A1/8, [A modified version of a plot given 
by Goldhaber & Sunyar (1).] 


making simple assumptions about these points we present below some general 
results that can be expected from a shell model. 

The shell model has been most adequately applied and tested in the re- 
gion A<20, where a consistent scheme has been attained for the energy 
levels, magnetic moments, nuclear level widths, and electromagnetic and 
@-ray transition probabilities (29). This has been based on a central force 
acting between the outer nucleons, leading to an intermediate coupling situa- 
tion. It should be especially noted that only the conventional currents, de- 
fined above, were introduced. 

For the intermediate to heavy nuclei there has been as yet no such com- 
plete program® except for some recent work in the region around A =40 (31). 


6 See, however, the work of B. H. Flowers, A. R. Edmonds, and others, some of 
which are referred to in the reviews given in reference (18). 
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Furthermore, there are reasons to believe that such a shell model is not 
completely applicable in this region. First, at A ~170 there is now very good 
evidence to support the belief that any spherical shell model, such as we 
have been discussing, is not applicable to the low-lying states. The Bohr- 
Mottelson-Rainwater theory, to which we shall return below, introduces 
an additional parameter; it is based on a core highly deformed to the en- 
ergetically more favored ellipsoidal shape. This non-spherical potential 
together with the dynamical properties of the core so completely determines 
the nature of the low lying levels that a simple shell model is no longer 
applicable in this region. Second, there is fairly convincing evidence (32) 
that the dynamical properties of the core deformability either determine or 
greatly affect the properties of the low-lying nuclear states in the whole 
region of 60 <A <150. We shall present the shell model results only for the 
sake of the qualitative ideas rather than in the hope of a precise comparison 
with experiment. 

Since the charge and current densities are one-particle operators, there 
exists the general selection rule that many-particle transitions are forbidden. 
However, such a rule depends greatly on the purity of the wave-functions, 
and the rule is relieved by admixing the proper impurities. This is particu- 
larly relevant to the case of Z0 transitions, since low-lying states of the same 
character usually differ in the coupling or configuration of at least two par- 
ticles. It is, then, expected that Z0 transition probabilities should depend on 
the relatively small wave-function impurities and thus should be appreciably 
smaller than those based on the estimate of equation 15; the few known 0-0 
transitions are not completely consonant with such an interpretation (7) 
and indicate that further work is required here. 

For the purposes of a comparison of the data with shell model calcula- 
tions, we shall assume that only like particles in the same 7 sub-shell interact 
strongly. We shall further classify these according to seniority number, s 
(33, 34). While the seniority number is not expected to be a perfect quantum 
number, for short range forces it may be quite good (34); for j$7/2 it is, in 
fact, a perfect quantum number. 

Consider the transition if in an odd-even nucleus; 


c=fA (fr Si = fi, 2 = 1) (92, Ja = 0, 52 = 0)( + + + (nw = 0 sw = 0) 
Jp =jo (fm, Ji = 0, 51 = 0)(F***Je = jo, 2 = 1)(- > - (jv Jn = 0 sy = 0), 


where the occupation numbers ™, m2, +++, my are even. As an example of 
such a transition consider the possible M4 transition (hy1/2)*(ds2)?—>(Ay2)? 
(ds2)*. The result (20) is given by multiplying the one-particle transition 
probability for j: 72 by the factor S, where 


_%a+i-—m 2j2+ 1 a 
2 +1 2j2+ 1 
Alternatively, we can consider the somewhat different transition 
Je=jr (fi = fr 51 = 1) (92, Jo = 0, 52 = 0)( + « + )(n"*In = 0 sw = 0) 
Jy = ja (ji™Si = 0, 1 = 0) (jo, Jo = jo, S2 = 1)(+ ++) (jn Jn = 0 sy = 0). 


34. 
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This result (20) is given by multiplying the one particle transition probability 
for ji—j2 by S’, where 

ae nN ne 

~ rt 2jeo+1 
This can be exemplified by the M4 transition (/1/2)'(ds/2)4—>(hrj2)?(dsy2)*. 
Both these results show that the many-particle transition probability is 
slower than the one-particle transition probability. Moreover, they indicate 
a regular dependence on shell position. However, while the first possibility 
indicates a decrease, the second indicates an increase as the shell edge is 
approached. 


UI 


35. 
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Fic. 4. Reduced lifetimes for 144 transitions plotted against neutron number, N. 
The relevant statistical factor, S,,, has been applied. The lines correspond to the 
theoretical values for single neutron and proton transitions; the radius is given 
by Ro=1.2X10-4%A"/3, [A modified version of a plot given by Goldhaber & Sunyar 


(1).] 


Relations such as these can only be tested if data for sufficiently long se- 
quences of nuclei are known. The only information of this type known to 
us occurs for the M4 transitions (g9/2 1/2; Ai1j2d3/23 t13/2fs/2). The data 
are characterized by a remarkably great uniformity of the reduced transition 
probability, there being at most deviations from the mean by a factor of 2 
either way. This is a rather noteworthy result if it is recalled that the life- 
times vary over tremendously greater factors. The reduced transition prob- 
abilities have been replotted in Figure 4, using the one-particle statistical 
factors. The theoretical reduced transition probabilities would be just those 
given by the indicated lines for protons and neutrons. Actually, the data lie 
at lifetimes about a factor of 3 to 5 greater. The proton points seem to lie 
among the neutron points, instead of showing the theoretical difference of 
almost a factor 2. Further, there is no evidence that either of the simple de- 
pendences on shell position, (equation 34) or (equation 35), is obeyed. So, 
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while the order of magnitude of the transition probabilities is demonstrated 
to agree with the simple theory, more refined theories seem necessary to 
obtain detailed agreement. 

The even-even nuclei are known to show great regularities (32, 35). The 
ground state invariably has the character 0+, the first excited state almost 
without exception 2+. The £2 transitions between these levels have been 
some of the most systematically studied. If we consider the first excited 
state to be the seniority 2, J/=2 state of the configuration j", and the ground 
state the s=0, J=0 state of j", the transition probability is given by replacing 
the statistical factor, Sz, by S’”’, where 

Ss" = 1 Qj +3)(2n)(2j+1—n) 36 

4 (2j)(27 + 2) ; 
for 7=9/2 the maximum S”~1.5. A glance at the E2 data in the region N 
~100 shows that S~100 is required (36).7 Therefore in this region the shell 
model does not suffice even for order of magnitude estimates for electric 
quadrupole transitions. It is noteworthy that these fast E2 transitions occur 
in a region of large static quadrupole moments (37). The failure of natural 
modifications of the shell model to describe such large coherent effects re- 
mains in contrast to the successes of the collective model of the nucleus. 

However, before discussing this model, it should be remarked that the 
unmodified shell model does not even suffice for E2 transitions in the region 
N82. There is recent evidence (36) that, in this region too, the £2 transi- 
tions between the first excited states and the ground states are faster than 
the shell model estimate by a factor of 10 to 20. This appears to imply that 
collective modes of motion play an important part. 

The collective model_—To describe the cooperation of the large numbers of 
charges required to explain the large static and transition quadrupole mo- 
ments in terms of a spherical shell model would require a great many partly 
filled shells, a most complicated form of description. The Bohr-Mottelson- 
Rainwater model gives up the sphericity of the potential and uses the shape 
of the core as a parameter. 

Rainwater (38) found that it is energetically favorable for a nonclosed 
shell nucleus to take on a spheroidal shape. The static and dynamic effects of 
a deformed core have been the basis for the collective model of the nucleus 
of Bohr and Mottelson. Such a core shares angular momentum with the outer 
nucleons and contributes to the kinetic energy of the nucleus. In fact, for 
large core deformations it is expected that the low-lying levels correspond to 
just such motion. The identification of the bands of rotational levels has 
been a striking confirmation of the model. Further, the large core deforma- 
tions contain intrinsically the collective effects needed to explain the elec- 
tric quadrupole moments. Also, the sharing of the angular momentum be- 





7 We have not included on this plot the £2 transition probabilities measured by 
Coulomb excitation. See (36). 
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tween the particles and the core is in the right direction to explain the well- 
known deviations of the magnetic moments from the Schmidt limits. We 
cannot here go into the details of the development of the model. The princi- 
pal work was carried out by A. Bohr and B. Mottelson and we must refer 
the reader to their extensive and thorough monograph (39) for a complete 
development of the theory. We have below used their results, limiting our- 
selves, however, to a very few topics. 

The core properties appear in the moments of inertia and in the electrical 
moments. The total angular momentum, J, is made up of core and particle 
angular momenta; calling the core angular momentum R, the particle angu- 
lar momentum j, we have 


I=R+j. 37. 


In the approximation of strong coupling between the core deformation and 
the particles, the components of j and J along the 3-axis, the symmetry axis 
of the core, are good quantum numbers; these are called 2 and K respective- 
ly. A state is, then, specified by the quantum numbers J, K, Q and, of course, 
the usual Z-component of the total angular momentum, M. In terms of these 
quantum numbers the contribution to the energy from the rotational motion 
of the core is 


h he 
= — — K2 (7 — 2 iapetiogs me 2 
Exot 35 [770 +1) — K?+j(7 + 1) 0) + a5 (K —2)2, 38. 


where 3, =3.=3, 33; are the moments of inertia about the respective body 
axes. Since the details of the theory fix 3;~0, it is expected that the low-lying 
levels form a rotational band with K =Q, whose energies are given by 


2 
Ex(I) — Ex(K) = = I(T + 1). 39. 


In even-even nuclei the lowest rotational band is given by K=0, J=0, 2, 
4,-++, the odd J not appearing because of symmetry considerations. In 
other nuclei the band is defined by J=K, K+1,- +--+. The identification of 
such a band structure allows the determination of the moment of inertia, 3. 
The moment of inertia can be related to the deformation parameter only 
through a detailed theory; the Bohr hydrodynamical model leads to 


9 
4 = oe AMR,?8?, 40. 
8r 


where A is the mass number, M the nucleon mass, Ro the radius, and 8 the 
deformation parameter. The deformed surface is defined by Ry and 8 through 
the equation for the distance from the center to the surface: 


R = R,[1 + BY2°@, ¢)]. 41, 


The core possesses an intrinsic quadrupole moment, Qo, that arises 
from the deformation. On the assumption of a uniform charge distribution 
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Qo = ZRo*B. 42. 
Since both the moment of intertia and the intrinsic quadrupole moment 
are simply related to the deformation, through 8, it is interesting to test the 
relationship empirically; we shall come to this later. The intrinsic magnetic 
dipole of the core also follows from general considerations. It is reasonable to 
assume that the spins of the core particles are paired off to a zero resultant; 
the only currents present are, then, convection currents. If it is further as- 
sumed that the current is everywhere proportional to the matter velocity, 
the intrinsic magnetic dipole moment is directly proportional to the angular 
momentum, and is given in terms of a core g-factor, 


= grL. 43. 
The uniform charge distribution leads to 
gre ~Z/A~O0A 44, 


These values of Qo, u, used by Bohr & Mottelson, are based on the uniform- 
ity of the charge distribution. The transition probabilities for M1 and E2 
radiation can now be evaluated directly from equation 13 and equation 14 
in terms of the intrinsic multipole moments. 

Two types of electromagnetic transitions are possible: (a) core transitions 
in which the particles do not change their state, and (0) particle transitions. 
We shall discuss (a) first. The transition between the first excited state, 
I=2+, K=Q=0 and the ground state J=0, K=Q=0 of an even-even 
nucleus is given by 


1 9 
= —QO,? = —- 492 
B.(2) = Qe! = ZARAs*, 45. 


if we omit the small particle contributions. It is worth noting that the cooper- 
ative effect inherent in the model is reflected here by the presence of the fac- 
tor Z*®, Similar results apply to transitions between other levels. For odd- 
even nuclei, transitions between levels of a rotational band K=Q2, I=K, 
K-+1,-+>++, are characterized by 











_ 15), KI+1—-K)\i+1+K) 

I+1->1 B.(2) = 5 Qe aaa ener i 
_3 (4), | .@0+1- KU +14) 

Bu(t) = <= (—*-) (gq — ga) aes Rae 47. 

I+2->1 nin = = ge E45 OES t OG £8 OE 48+ 7 


(I + 1) + 2)(27 + 3)(27 + 5) : 


where go is the particle g-factor, ge the core g-factor. The static magnetic 
dipole moment is given by : ¢=(J/I+1)[Igo+gr]. 

The above relations have been applied to the data from the nuclei in 
the rare-earth region. The comparison is presented in Figure 5 in the form of 
a plot (40) of the deformation parameter as obtained from the moment of 








20 GOLDHABER AND WENESER 


inertia, 3, through the energies and from Qo through the transition probabili- 
ties. It is seen that there is a discrepancy of a factor of about 5 in determina- 
tions of 6? (40, 41). This is a definite failure of the details of the theory, but 
it still leaves the more general ideas applicable. A number of suggestions 
(40, 41) have been made to account for the discrepancy, but have not yet 
been worked out quantitatively. 

Measurements of gr, the core g-factor, are very relevant to a discussion 
of the discrepancy; if the discrepancy were attributable to a nonuniform 
charge distribution, it would affect gr as it does Qo. Since go, ge appear in 
different combinations in the M1 transition probability and in the ground 
state magnetic moment, both gq and ge can be obtained if the two quantities 
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Fic. 5. A plot against neutron number, N, of the deformation parameters as ob- 
tained from the energies, Bz’, and from the lifetimes, 8,?. Note that the scale for Bz* 
is five times that for 6,2. The 6? are obtained from the empirical data, using the 
Bohr-Mottelson theory; the radius is given by Ro=1.2X107%A"/8, [Taken from 
Sunyar (40).] 


are measured. This has been carried out for two nuclei; for 73Ta'gg~.25 
and for g3Eu8gp~.5 (42). 

Finally, a word about particle transitions. Because of the strong coupling 
to the core, only some substates of the particle states available in the shell 
model can contribute. Further, if the core differs in shape in the two different 
particle-configurations, the incomplete overlap will cut down the transition 
probabilities. Bohr & Mottelson suggest this as an explanation of the slow 
but regular M4 transitions; it must be remarked, however, that in the region 
in which the M4 data are best known, the nuclei do not show the simple 
rotational band structure displayed in the rare-earth region. 

The collective model has, then, explained the important anomalously 
large static and transition electric quadrupole moments. The deformed 
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core and the strong coupling with the particles has further important impli- 
cations for nuclear spectroscopy, that are being developed. While the details 
may not yet be completely correct, it is felt that the general ideas are valid. 


THE NATURE OF MODIFICATIONS OF THE CHARGE AND 
CURRENT DENSITIES 


We have up to now accepted the simple choice of charge and current 
densities. In this section we discuss the evidence for modifications. That addi- 
tional currents may exist is implied by the fact that the exchange of charged 
mesons is important for nuclear forces (43). The meson theory of nuclear 
forces implies a distribution of currents dependent on the coordinates of 
more than just one nucleon. However, since the meson theory has not yet 
reached the stage of development required for quantitative predictions and 
since heavy nuclei represent a highly complex problem, a more empirical 
approach has been taken. 

The approach consists basically of writing down the most general form for 
the charge and current operators subject to the restrictions that the Hamil- 
tonian obey the usual invariance conditions. These have been used to con- 
struct the most general magnetic dipole operator. While the procedure can 
be extended to the higher magnetic multipoles, there is not much point in 
doing so. For the dipole operator, the static magnetic moments in conjunc- 
tion with some well understood M1 transition probabilities provide good 
tests which, however, allow but very tentative conclusions. A similar ap- 
proach has been adopted in regard to modifications of the charge density 
and of the electric dipole operators (17). We shall here limit ourselves to a 
discussion of the magnetic dipole operator. 

A complete knowledge of the interactions of nucleons only specifies in 
part the nature of the currents (44). The presence of an exchange potential 
requires a modification of the currents, leading to a contribution known vari- 
ously as exchange moment, or longitudinal moment (45 to 49). Velocity- 
dependent forces also require additions to the currents (50, 51). A particular 
example (52) of a velocity-dependent one-nucleon force is the spin-orbit 
interaction so vital to the shell-model. But in addition to these currents 
directly correlated with the interactions, there are possible additional terms 
unrestricted except by invariance and the continuity equation. The possible 
forms of these magnetic dipole terms, further restricted to two-nucleon 
effects only and to velocity independence, have been written out by various 
authors (46, 47, 51, 53). We shall call these last interaction moments. 

The dipole moment operators have then to be compared with the data: 
(a) the anomaly in the H*, He* magnetic moments of about } nuclear magne- 
ton; (b) the difference of a few per cent between the observed and calculated 
photomagnetic thermal neutron capture cross section in hydrogen; (c) the 
absence of any important anomaly in the magnetic moment of the deuteron. 
The evidence points to the existence and forms of small interaction moments 
(47, 51, 54). 

At this point it is interesting to recall the M1 transitions, ds2s12, we 
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discussed above, which are forbidden for the ordinary magnetic dipole opera- 
tor in the absence of configuration mixing. It is especially interesting that 
Ross (25, 26) and Sachs (25) have found that these transitions can be under- 
stood in terms of the interaction magnetic dipole operators as fixed by the 
above data. It would be interesting to find cases where configuration mixing 
is less possible as in nuclei involving one nucleon or one hole outside a closed 
shell. It should also be noted that AJ=2 transitions are allowed by the mo- 
ment operator that arises from the velocity-dependent spin-orbit force, if the 
particle making the transition is a proton. For odd proton nuclei there may 
be interference effects between the interaction and spin-orbit moment op- 
erators, which have not yet been considered in detail. 

We turn next to a less clear line of evidence, that is concerned with the 
static magnetic dipole moments of the heavier nuclei. The fairly regular devi- 
ations from the Schmidt limits have led to the suggestion (55) that the devia- 
tions be interpreted as a quenching of the intrinsic nucleon spin moment in 
nuclear matter. The quenching needed would be large, of the order of 1 
nuclear magneton. Now, of the several possible forms for the interaction 
moments, not all have been fixed by the data given above. If the quenching 
effect is ascribed to these interaction moments (47, 56), large modifications 
of the simple currents would be present. However, the evidence for such large 
modifications rests on the rather shaky framework of the applicability of the 
Schmidt limits, since it is not yet clear how much of the deviation should 
be ascribed to the wave function. For example, application of the Bohr- 
Mottelson strong-coupling model produces sizeable deviations in the correct 
directions. Further, the work on the light elements discussed above described 
the static and transition magnetic dipole moments without the need of large 
interaction effects. 

Deduction of additional terms from relativistic forms for the electro- 
magnetic interactions have been considered (57), and small effects found. 

We conclude, therefore, that there is evidence for small modifications of 
the currents, but not yet convincing evidence for large effects. It seems wise, 
therefore, to assume that the main features of nuclear electromagnetic 
phenomena involve only the ordinary currents. 
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I. INTRODUCTION AND PRECIS 


Lord Rutherford’s famous experiments (1) over forty years ago on the 
scattering of a-particles by thin foils gave the first quantitative evidence on 
the distribution of positive charge in the atom, his results showing that the 
positive charge is condensed into a volume almost negligible in comparison 
with the atomic volume. This work, and extensions of it which soon followed 
(see 2), not only provided the necessary foundation for the understanding 
of atomic structure and for the science of nuclear physics, but it stands as 
the greatest single step forward in the search for detailed understanding of 
the distribution of charge in the atomic nucleus. Rutherford’s value for the 
nuclear radius has changed little with time, and it has become possible only 
in the past few years to probe more deeply into the nucleus and to learn 
something about the detailed distribution of charge. It is interesting that 
among recent experiments related to the nuclear charge distribution are 
several studies of the elastic scattering of a-particles [Farwell & Wegner (3); 
Blair (4); Wall, Rees, & Ford (5); Eisberg, Igo & Wegner (6)]. 

Early methods of determining nuclear radii were the elastic scattering of 
a-particles, a-decay, and other scattering processes (7). As the science 
of nuclear physics developed, other methods could be used—barrier pene- 
tration factors for charged particle reactions, mirror nuclei energy separa- 
tions, proton scattering, and especially elastic scattering of high energy 
neutrons. All of these methods gave just one parameter of the nucleus, its 
“radius,’”’ and all had the feature that they depended not just on the distri- 
bution of charge or of mass, but also on the spatial distribution of nuclear 
potential energy, or, in the case of mirror nuclei energies, on special features 
of nuclear structure. These methods led to the relation R=7ro9A'/3, with 
ro =(1.4 to 1.5) X10~* cm., which became an accepted value of nuclear 
radius (8). 

More recent work on the elastic scattering of electrons by nuclei (9 to 
13) afforded for the first time a way to study the distribution of charge 
in the nucleus by means of the well-understood electric interaction between 


1 This article was submitted for publication April 1, 1955. The literature survey 
does not, therefore, go beyond March, 1955. 
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electrons and protons, independent of any uncertainties associated with 
nuclear forces, or with nuclear structure. Although the earliest work on elec- 
tron scattering led to ‘“‘small”’ values of the radius of the nuclear charge 
distributions, there was sufficient uncertainty in the experiments and in their 
interpretation that the significance of the results was not generally appreci- 
ated. 

The x-rays emitted by negative y-mesons captured into bound states 
about nuclei were first observed by Chang (14), and their possible significance 
for studying nuclei was pointed out by Wheeler (15). Fitch & Rainwater 
(16) first obtained quantitative results for the energies of these u-mesonic 
x-rays, and the interpretation of their results (16, 17, 18) led unambiguously 
to “‘small’”’ nuclear radii (r9>=1.20X10-" cm.), provided the u-meson, like 
the electron, was assumed to be a Fermi-Dirac particle with negligibly small 
nonelectric interaction with the nucleus. The experiments of Fitch & Rain- 
water, in particular, stimulated renewed interest in the size of the nucleus, 
since their results seemed to require a change by 20 per cent of a well-accepted 
number in nuclear physics. 

Among experiments sensitive to the nuclear charge distribution, the 
recent studies by Hofstadter ef al., (13, 19, 20, 21) of the electric scattering 
of very high energy electrons by nuclei are undoubtedly of the greatest 
significance, since their results make it possible to delineate the shape as well 
as the size of the nuclear charge distribution. 

One expects that the distribution of neutrons in the nucleus is not very 
different trom the distribution of protons, so that the determination of the 
distribution of charge is of fundamental interest to studies of nuclear struc- 
ture. (Such differences as there are between neutron and proton distribution 
are, of course, of great interest. See section IV.) From the point of view of 
theoretical interpretation, purely electric measures of nuclear size and shape 
are the most clear-cut and least uncertain. It is these measurements and their 
interpretation in terms of the nuclear charge distribution that we especially 
wish to review in the present paper. In section IV we also mention briefly re- 
sults of measurements of nuclear size and shape which depend in an important 
way on nuclear forces, mostly in order to compare the results of these meas- 
urements with the purely electric measurements and to see to what extent 
all measurements fit into a single consistent picture of the distribution of 
charge in the nucleus. 

We shall distinguish three properties of an assumed continuous nuclear 
charge distribution: (a) The size of the charge distribution, i.e., the nuclear 
“radius’’; (b) The radial variation of the charge distribution, which to avoid 
ambiguity with geometrical shape, we shall call the ‘‘radial shape’’ of the 
charge distribution. Its description requires one or more parameters in addi- 
tion to the nuclear ‘“‘radius’”’; (c) The angular variation of the charge distri- 
bution, which we shall call the ‘‘angular shape”’ of the distribution. None of 
these quantities, of course, is measured alone. Most experiments can be inter- 
preted in terms of certain weighted averages over the charge distribution— 
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e.g., @ mean square radius instead of a radius alone, or a radial moment in- 
stead of a radial shape, or a quadrupole moment instead of an angular shape. 
But, ideally, the picture one seeks is a successively more detailed description 
in terms of the size, the deviations of the radial variation from zero (corre- 
sponding to a constant density distribution), and the deviation of the angular 
variation from spherical symmetry. 

For purposes of discussion, we divide electrical measurements of nuclear 
size and shape into four kinds: 

1. Scattering of relativistic electrons by nuclei. Because of the great 
disparity in the masses of electron and nucleus, even relativistic electrons 
may have wave lengths great compared to the nuclear size. Electron energies 
of the order of 1 Mev are required before the effect of the finite size of the 
nucleus becomes appreciable in their scattering angular distributions. In 
the method of treatment and in discussion of what one learns about nuclei, 
it is convenient to divide relativistic electrons into “low,’”’ “medium,” and 
“high” energy groups. 

(a) Low energy electrons (E5516 Mev) experience only S-wave effects in 
scattering from nuclei. Phase shifts may be determined from pertubation 
theory. The scattering measures a single parameter of the nucleus: the mean 
square radius of charge. 

(b) Medium energy electrons (16 Mev. E80 Mev) have several par- 
tial waves affected in scattering from nuclei, but a description of the scatter- 
ing in terms of radial moments of the charge distribution may still be feasi- 
ble. 

(c) High energy electrons (E280 Mev) have a substantial number of 
partial waves affected by the nucleus, and show a cross section sensitive to 
finer features of the charge distribution. Adequate theoretical interpreta- 
tion of high energy electron scattering so far has required rather complicated 
exact numerical calculations. But high energy electron scattering has been 
more fruitful than any other single source of information in learning about the 
nuclear charge distribution. 

2. Effect of the nucleus on bound electrons. The effect of the finite size 
of the nucleus on electronic energy levels has been a subject of interest since 
the first theoretical discussions of the subject by Racah (22) and by Rosen- 
thal & Breit (23). The very small magnitude of the effect is to some extent 
compensated by the very high accuracy of measurements of optical and x- 
ray spectra. Two features of atomic spectra in particular have yielded infor- 
mation about the nuclear charge distribution: (a) the fine structure splitting 
of the 2p state observed in x-ray spectra, and (b) the isotope shift, which in 
heavy nuclei comes predominantly from the finite nuclear size. 

3. The interaction of u-mesons and nuclei. If u-mesons are well-behaved 
fermions obeying the Dirac equations, and interacting with nuclei only 
electromagnetically and through the very weak 8-coupling, as appears to be 
the case (24, 25, 26), then they are ideal nuclear probe particles. Moderate 
energy mesons have wave lengths short enough that they can feel out the 
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nuclear charge distribution in some detail. 

(a) The scattering of u-mesons from nuclei has not yet been attacked 
quantitatively, but there seems to be no doubt that it soon will be [Rochester 
& Wolfendale (27)]. It will be a valuable tool to measure charge distribu- 
tions. 

(b) The transition energies of negative u-mesons bound to nuclei have 
been measured for some nuclei (16). An extension of this work will also be 
of real interest in learning about the nuclear charge distribution as well as 
in obtaining more detailed information about the u-meson itself. 

4. Nuclear Coulomb energy. This quantity is not strictly independent 
of nuclear forces, since its magnitude will depend on correlations between 
proton positions and on the degree of overlap of proton probability distribu- 
tions in the nucleus. Information on Coulomb energy comes from two 
sources: (a) the energy differences of mirror nuclei, and (0) the Coulomb 
energy term in the semi-empirical mass formula. 

We divide the discussion of nuclear charge distribution into two parts: 
(a) the size and radial shape of the distribution, discussed in section II, and 
(b) the angular shape, discussed in section III. In the discussion of radial 
shape, spherical symmetry is assumed. The effects of angular shape are then 
considered separately. Although the emphasis in this paper is on the inter- 
pretation of experiments which shed light on the nuclear charge distribution, 
we also mention in section IV some theories of nuclear size and shape. These 
theories are for the most part nonquantitative, but it is nonetheless of con- 
siderable interest to compare theoretical predictions with the improved 
experimental information now available. 

The consistentand rather detailed picture which we now have of the nuclear 
charge distribution comes in large measure from the excellent electron scat- 
tering experiments of Hofstadter et al. (13, 19, 20, 21) coupled with the rather 
accurate measurement of a single parameter of the charge distribution by 
the u-mesonic experiment of Fitch & Rainwater (16). This picture for 
heavy nuclei is a nearly uniform density of charge in the interior of the nu- 
cleus, with a rather rapid fall-off of density at the nuclear surface such that 
the density drops from 90 per cent to 10 per cent of its maximum value over 
a distance Ar=2.2X10-" cm., with a mean square radius (r’). 

R = [(5/3)(r?)]¥/2 = roA¥8, = org = 1.2 X 10- cm. 
For the Pb nucleus in particular, more detailed analysis (16, 17, 18, 28) 
of the experimental data has led to ro>=(1.19+0.01) X10-" cm., where the 


indicated error is probably an overestimate. Radii determined from electron 
scattering and from u-mesonic x-rays are in agreement to within 1 per cent. 


NOTATIONS AND DEFINITIONS 


For convenience, we summarize here some of the notations which will be 
used in the succeeding sections. Let the radial distribution of charge be 
represented by 
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p(r) = pof(r/n) 1. 


where po is the central density of charge, f(0)=1, and 7 is the “range”’ pa- 
rameter related to the size of the nucleus. In practice f(x) is taken to be 
some one- or two-parameter family of possibly reasonable radial shapes, 
which is amenable to calculation. In case the nucleus is not spherically sym- 
metric, equation 1 should be regarded as the density distribution along a 
radius vector at some orientation relative to nuclear body-fixed axes. There 
is no basis at present for considering the general situation that the form of 
the radial shape function f(x) itself depends on angle. Rather we suppose 
that the functional form of f does not vary with angle but that the range param- 
eter 7, is a function of @ and ¢. Although there may be important effects 
where deformations of higher than second order play a role (e.g., fission and 
a-decay) we shall consider in this paper only effects which can be inter- 
preted in terms of ellipsoidal deformation, described, for small a,, by 


n= nll + Dip oF, (8, ¢)]. 2. 


If the axes to which the angles 0, ¢ refer are major axes of the nuclear ellip- 
soid, then ag=a_2, and a;=a_;=0. The two independent parameters in 
equation 2 may conveniently be taken to be a deformation parameter, 8, 
and an asymmetry parameter, y, defined by 


ao = B cos y 
a2=ar= 2-128 sin Ve 


+ =0 defines a prolate spheroid (if 8 is always taken positive), and y=7 de- 
fines an oblate spheroid. Since the simplest radial shape function, f, is that 
of a uniform distribution—f(x) =1, x <1; f(x) =0, x <1—and since in this 
case 7; = R=an unambiguously defined nuclear radius, it is convenient to de- 
fine for nonuniform shapes an “equivalent” radius, Req., such that, for a 
given experiment, a uniform distribution with R= R.q. would yield the same 
result as the given distribution. This definition applies only to those experi- 
ments which measure a single parameter of the charge distribution. For ex- 
ample, low energy electron scattering measures the average value of 7’: 


yo = nit fpladutde/ f” fla)xtae. 4, 
0 0 


The equivalent radius for the distribution f(x) and for this particular experi- 
ment is found by equating the right side of equation 4 to the corresponding 
quantity evaluated for a uniform distribution: (3/5) Reg.?. 

Both equations 1 and 2 define average distributions. For sufficiently short 
wave length effects, the difference between the continuous distribution 
(equation 1) and a distribution of point charges must be recognized. Simi- 
larly, some applications require that the dynamic properties of the deforma- 
tion parameters a, be considered in addition to the average static deforma- 
tion defined by equation 2. 
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II], ELECTRIC MEASURES OF NUCLEAR SIZE AND 
RADIAL SHAPE 


A. ELECTRON SCATTERING 


The advantages of electrons as nuclear probe particles are the ease of 
obtaining energetic mono-ergic beams of high intensity and the well-under- 
stood nature of the electron-nucleon interaction. The disadvantages are the 
small mass and consequent long wave length of the electron which make it 
insensitive to nuclear effects except at very high energy. To very good ap- 
proximation, the electron interacts with the nucleus only through the 
Coulomb forces between electrons and protons, and the motion of the elec- 
trons is described by the Dirac equation for a static central field. Refine- 
ments to this picture are the following: (a) The proton distribution may not 
be spherically symmetric. Corrections attributable to this effect are con- 
sidered in section III. (6) The contribution of the nucleon magnetic moment 
to the scattering of electrons by protons has been calculated by Rosenbluth 
(29); and to the scattering of electrons by deuterons by Jankus (30), who 
finds a 5 per cent correction to the scattering of 350 Mev electrons at 90 
degrees. For heavy nuclei, the coherent scattering resulting from magnetic 
effects should not be much greater than for a single nucleon, and, for even- 
even nuclei, possibly less. At great energies and large angle, however, the 
elastic cross section from a heavy nucleus is less than from a single proton. 
In this limit, the nonCoulomb interaction may become important, although 
there is as yet no experimental evidence for such an effect [see Fig. 1(d)]. 
The electron-nucleon 6-decay interaction has an entirely negligible effect 
on the scattering. (c) The nuclear charge is discrete, not continuous. See 
end of this section. (d) The field is not static. The largest radiative correction 
is attributable to bremsstrahlung, but Suura (31) has recently extended 
Schwinger’s work (32) and shown that, to all orders in the Born approxima- 
tion, electrons which have emitted soft photons are scattered with very 
nearly the same angular distribution as electrons which have emitted no 
photons. The role of other processes and of higher order corrections (in 
number of photons) has not been assessed, but Suura’s work suggests that 
corrections to angular distributions may be small even in the hundred Mev 
region, and for high Z. 

The Born approximation affords the simplest way to gain qualitative 
insight into the effect of the size and radial shape of the charge distribution 
on electron scattering [see, e.g., Schiff (33)]. The Born approximate cross 
section is proportional to the square of a form factor, 


F = (Ze)"! f p(r) (sin gr/gr)4ar°dr, 5. 
0 


where g is the magnitude of the momentum change of the electron divided 
by # [q=(2E/hc) sin 0/2]. At @=0, F=1. For a given shape of charge dis- 
tribution, F falls away from 1 more rapidly for larger size. For a given 
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size of nucleus, the angular variation of F depends on the smoothness of the 
charge distribution. A uniform distribution gives rise to maxima and minima 
in the form factor, while a sufficiently gradual variation of charge density 
(e.g., exponential or gaussian) gives rise to a monotonically decreasing form 
factor. 

For sufficiently low energy electrons (qgr1 within the nucleus), or at 
small angles for any energy, sin gr/gr may be expanded to yield 


7 = 1 — (1/6)g*{r*)av +--> 6. 


This result, that at low energy the scattering depends only on the mean 
square nuclear radius, is characteristic not only of the Born approximation, 
but has been derived by Feshbach (34) by means of a partial wave expan- 
sion, and holds when only s wave electrons are substantially affected by the 
finite size of the nucleus. 

It is to be noted that, because one is in the relativistic domain, the usual 
rule that the Born approximation improves with increasing energy does not 
hold. The linear relation between energy and momentum means that phase 
shifts (~ RA) do not diminish with increasing energy, since Ak is then inde- 
pendent of energy. The phase shift of a relativistic electron in passing 
through a heavy nucleus is not small compared to one radian. Consequently, 
the Born approximation is not accurate at any energy for heavy nuclei. 

Low energy.—For electron energy less than about 16 Mev, only the s wave 
phase shift deviates appreciably from that for a point nucleus. For low Z, 
the cross section may be fit to the very simple Born approximation formula, 


a/oe = [1 — (1/6)(2E/hc)*{r?)ay sin? 30] 7 


The evaluation of the point nucleus cross section, ¢,, which appears in this 
equation is itself a sizable task of numerical computing, but has been carried 
out to an accuracy sufficient for low energy scattering by Bartlett & Watson 
(35) and by Feshbach (36). More accurate evaluations of point nucleus cross 
sections have been carried out at higher energy by Yennie, Wilson & Raven- 
hall (37), and by Hill, Freeman & Ford (28). For high Z, an accurate fit to 
low energy scattering data requires the numerical evaluation of the s-wave 
phase shift. Such work has been carried out by Acheson (38), Glassgold 
(39), Bitter & Feshbach (40), and by Bodmer (41). In either case, the results 
yield the mean square radius of the nuclear charge distribution. These re- 
sults are summarized in Table I in terms of the radius of an equivalent uni- 
form distribution: 


Req = [(5/3){r?)aw]"”? 8. 


Medium energy.—We designate energies from about 16 to 80 Mev as 
medium energy. This energy region is characterized by having more than a 
single electron partial wave influenced by the nucleus, but by being still in 
an energy region where approximate or perturbation means of analysis are 
possible. The most convenient description is then in terms of radial moments 
of the charge distribution. 
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Fic. 1. Absolute differential cross sections for fast electron elastic scattering on 
heavy nuclei as functions of the angle @). Illustrations are given (28) for gold, with 
charge distributions in the neighborhood of the best fit (n=10, R=1.00, S=0) as 
described in Table II. (a), (b), and (c) are for 183 Mev and illustrate the effect on 
de/dQ of varying n (about n=10, R=1.00, S=0), R (about n=10, R=1.00, S=0), 
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and S (about »=8, R=1.00, S=2) respectively. The inserts show the corresponding 
appearance of the charge density. Part (d) shows the scatter of the experimental data 
(20) about de/d2 computed for n»=10, R=1.00, S=0. The curves, proceeding from 
top to bottom, are for 84, 126, 154, and 183 Mev. The experimental data are normal- 
ized by vy, defined after equation 14. 


FORD AND HILL 
TABLE I 


NucLEAR Rapius MEASUREMENTS FROM MEpiuM ENERGy (15 To 80 MEv) 
ELECTRON SCATTERING 








E] Z iets Reference Reference Result for 
anene ate for Data for Analysis 10147 o(cm)* 





Silver 47 15.7 Mev (9) (9) 1 
Gold 79 15.7 Mev (9) (9) 1 
Tin 50 30-45 Mev (10) (10) 1 
Tungsten 74 30-45 Mev (10) (10) 1 
1 
1 
1 
1 


5 
5 


He H+ He H+ 
soos 


ok 
ss 
wh 
.0 


.0 


ok 
° 


2 


.18+0.10 


Copper 29 15.7 Mev (9) (40) 
Silver 47 15.7 Mev (9) (40) 
Gold 79 15.7 Mev (9) (40) 


| 


Tungsten 74 31-60 Mev (12) | (12) 














* Results are given in terms of ro where Reg=roA"/3, and the equivalent radius 
Req is defined by equation 8. The first clear-cut evidence for the presently accepted 
electrical radius of the nucleus appears to have come in the work of Lyman, Hanson 


& Scott 9. 


Consider the radial Dirac equations for an electron in a central field: 
(dF /dt) — (k/)F + [e-—1—U(®]G=0 ; 
(dG/dé) + (k/)G — [e+1— U(é)|F =0 


G and F are the large and small components of the wave function, in arbi- 
trary units; E is the total energy and U(é) the potential energy, both in 
units of mc*; — is the radius in units of A, =’/(mc); and k, the angular quan- 
tum number, is +(j+1/2) for 7=/+1/2. (The integer / is of course not a 
good quantum number associated with orbital angular momentum. Rather 
it is a convenient way to describe the relativistic solution in nonrelativistic 
language. Thus we refer to the k= —1 solution as the “‘s;/2’’ solution, the 
k=-+1 solution as the ‘‘p;/2” solution, etc.) 

The phase shift 7, depends on the ratio F/G = X evaluated at some radius 
£=a outside the nucleus. It is, therefore, convenient to reduce equations 9 
to a single equation for the ratio F/G. We consider alternative integral 


forms depending on the sign of k: 


é 
(F/G)y=—e f (e—1—U) [1+(e+1—U)/(e—1—U) - (F/G)*]e-*dé, k<O 10. 
0 


g 
G/Fy=te f (e+1—-U) [1+(e—1-U)/(e+1—-U) - (G/F)*]e*de, k>O 11. 
0 


We suppose, for the energy region in question, that for k= +1 (and 
therefore for all &) there are no nodes of F or G for € smaller than the ‘“‘fitting”’ 
radius, a. In fact, in the medium energy region, the second terms in the 
square brackets of equations 10 and 11 contribute a small part of the total 
values of the integrals. For 40 Mev electrons on Pb for example, these terms 
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contribute only a few per cent. (This assumes that the fitting radius a is 
just outside the conventional nuclear radius. For long tailed charge distribu- 
tions, the second terms contribute more.) In lowest approximation, then, 
the terms in the integrands involving F and G may be ignored. In next ap- 
proximation, the point nucleus solution for F and G may be substituted on 
the right of the equations. We consider here only the lowest approximation. 
Then for positive k, 


(G/F), = a-™ f [e+ 1 —U(e eae, 12. 
0 


with a similar relation for negative k. If the part of equation 12 involving 
U(&) is integrated twice by parts, one finds: 


a(e+ 1) 1 Ze? 1 1 “| 
2k+1 2k ch 2k+1 Ra* J’ 


where R,=aA,. The corresponding expression for negative k may be ob- 
tained by replacing (e+1) by (€—1) in this formula, and replacing k by 
|]. Thus, for k= +1, the charge distribution affects the scattering in this 
approximation only through the mean square radius. For higher ||, higher 
moments of the charge distribution enter. More detailed considerations of 
this kind have been given by Glassgold (39), who showed that in general 
only even moments of the charge distribution enter. 

Table I summarizes the experiments and analysis on low and medium 
energy electron scattering. 

High energy—The greatest amount of information regarding the radial 
shape of the nuclear charge distribution has come from experiments on the 
elastic scattering of high energy electrons (E280 Mev). The analysis of 
these experiments, especially for high Z, has taken the form of numerical 
integration of the radial Dirac equations to obtain the required phase shifts 
for low angular momentum, and of numerical summing of the scattering 
amplitude series. A beautiful series of experiments in the energy range 80 to 
200 Mev has been carried out by Hofstadter and collaborators (13, 19, 20, 
21); analysis of these experiments has been carried out by Yennie, Raven- 
hall, and others (28, 37, 42, 43). Theoretical studies of high energy electron 
scattering have also been made by Schiff (44), Elton (45), and others (46 to 
54). 

A typical set of data and of theoretical cross section curves are shown in 
Figure 1. The cross section deviates from Coulomb at very small angles and 
diminishes with angle at a much greater rate than does the Coulomb cross 
section. This behavior accords with naive expectation, since that part of the 
point-charge potential responsible for scattering through considerable angles 
has been replaced by the finite Coulomb potential of the nucleus. 

The detailed analysis of the high energy scattering has shown the follow- 
ing: (a2) To extract useful information from the data requires careful and 
detailed numerical computations. Early efforts to understand the data 
by means of a Born approximate analysis were unsuccessful (33). (6) The 


(G/F )a = 13. 
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size and “‘surface thickness” of the charge distribution are well determined 
by the data: the central charge density is less well determined. 

It has been found possible to fit the data of a given element at several 
energies with the same nuclear charge distribution. This affords indirect 
evidence that radiative corrections do not significantly alter the angular dis- 
tributions. 

Hill, Freeman & Ford (28) have applied a quantitative measure of the 
“best fit’’ of a theoretical to an experimental cross section. This procedure 
has made it possible to refine the fits to the data and, in particular, has led 
to two conclusions with regard to the Pb nucleus: (a) The radius of the dis- 
tribution which best fits the electron scattering also fits to within 1 per cent 
the u-mesonic 2P-—1S transition energy (part B of this section). (6) The 
distribution which best fits the scattering does not have an appreciable cen- 
tral depression of charge density. The latter point is of special interest, since 
central depressions of charge density are to be expected for uniform neutron 
distribution. The absence of a central depression of proton density implies— 
because of Coulomb forces—that the central density of neutrons must be 
slightly peaked. However, it has been shown by Yennie ef al. (42) and by 
Hill, Freeman & Ford (28) that the predicted angular distributions are not 
very sensitive to the central charge density. 

Figure 2 illustrates the method (28) of measuring quantitatively the 
deviation of theoretical prediction from the experimental data. The measure 
of closeness of fit is taken to be D where 


I 
Ze wily -Y)? 
Pa = - 14, 
y? > ui 





and Yi=GCexp/oth is the ratio of observed to calculated cross section at the 
angle 6;. Here Y= > -wiyi/ >. wi, the weights w; being chosen such that 
each value y; makes the same probable contribution to the error in ¥. 
Plotted in Figure 2 are the values of D for various values of the parameters 
n and R in the neighborhood of the best fit for a charge distribution described 


by 
om —n(l—z 
1(+)=10 =) ES 15. 
r 1 — fe lhe", s2 1. 
Both from the behavior of individual cases, such as the one illustrated in 
Figure 2, and from the consistency of results obtained as the electron energy 
and the target atomic number are varied, we conclude that the charge dis- 
tribution in the neighborhood of Pb?® is determined to one unit in ” and to 
1 per cent in 7. When the right member of equation 15 is generalized by 
introduction of the factor [(sinh sx)/sx] to describe some depression of the 
charge density in the center of the nucleus, the best fit to the experimental 
data is in all cases obtained for s=0, corresponding to no central depression. 
See Table IT. 
The only detailed determinations of charge distribution from electron 
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FITTING OF EXPERIMENTAL DATA 
Pb at 153 Mev Au at 183 Mev 
Dotatistical 0.0771 0.0637 
Debserved | 0.95R R 1.05R 0.95R R 1.05R 
Shape parameters 
n ~ 
0 0 (exp.) 0.5063 
20 0 (unif.) 0.3176 0.3206 
9 0 0.2165 0.1016 0.1450 0.2452 0.1231 0.1983 
10 0 0.2018 0.1064 0.1713 0.2275 0.1214 0.2208 
11 0 0.2017 0.1271 0.1957 0.2225 0.1354 0.2418 
S 1.5 0.1921 0.2162 0.1198 
8 2.0 0.2423 0.2637. 0.1554 
8 3.0 0.3583 0.3658 0.2947 
TABLE II B 
Brest VALUES OF PARAMETERS IN CHARGE DISTRIBUTION 
Au Pb 
E(Mev) 84 126 154 183 84 153 186 
R(Dpin) 0.998 1.010 1.020 1.002 1.018 1.014 0.987 
n(Dymin) 11.37 9.56 10.05 9.58 10.20 8.44 10.88 
D(min) 0.0656 0.0723 0.1868 0.1209 0.0575 0.0979 0.1343 
| Au Pb Au & Pb 
(R(Dnin) dav 1 .008 1.006 1 .007 
(n(Dmin) dav 10.14 9.84 10.01 
Table II (a) Comparison of experimental results (13, 19, 20, 21) on high energy 
electron scattering with predictions (28) for an illustrative set of assumed charge 


distributions, energies, and targets. The values of D, as defined in equation 14, are 
tabulated for shapes of charge distribution defined by equation 15 et seg. The re- 
striction to spherical symmetry probably involves no significant error for nuclei in 
the neighborhood of Pb*°*. Also tabulated is Datatistical, the most probable value of D 
for an optimal theoretical fit if the only source of experimental error were the fluctua- 
tions attributable to a finite number of counts. The parameter labeled R is the ratio 
of the radial constant used to the radial constant determined by the u-mesonic x-ray 
analysis (18). The best fit for all energies for both lead and gold is in the neighborhood 
of »=10, s=0, and R=1.00. The possible charge distribution n =8, s=1.5, R=1.05 
seems unlikely in view of the close agreement of all other good fits (small D) with the 
radius determined from the u-mesonic 2P->1S transition, as indicated in part (b) 
of the table. Further increases in R for the cases with s0 do not give better fits than 
the best fits shown in the table. 

(b) In the second part of the table are listed the values of m and R (for s=0) 
which locate the minimum of D in each case, as determined by the procedure de- 
scribed in the caption of Figure 2. 
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Fic. 2. Sections of the surface defined (28) by the fit measure, D, given in equation 
14 and listed in Table II, for high energy elastic scattering of electrons on nuclei. The 
values of D in the top drawing should be divided by 100. The particular domain of D 
illustrated is for gold at 183 Mev, and is obtained by fitting the expansion, 
D(n,R,S =0) = Do+D,n+DeR+2DirrnR+Dnann?+DprrR* 
to the nine values of D corresponding to »=9, 10, and 11 for R=0.95, 1.00, and 1.05. 


scattering reported so far are for gold and lead. It is of interest to compare 
the results of different workers. Hill, Freeman & Ford (28) used the functional 
form of charge density given by equation 15, while Ravenhall & Yennie 
(43) used 

f(x) = [1+ ee}. 16. 


The former authors fit the gold data shown in Figure 1(d) with parameters 
n=10, 7, =6.55; the latter authors fit the same data with «=14.6, 7; =6.63 
(distances in units 10— cm.). These distributions are very similar. Raven- 
hall & Yennie (43) define a measure of nuclear size, 


c= nf I (x)dx, 17a. 
0 


a measure of nuclear surface thickness, 


s=— fre — c)*(df/dx)dx, 17b. 
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and a ‘‘mean square radial constant,” 
ro = [(5/3)(r?)A-2/3 v2, 18. 


For Au, they obtain c=6.63, s=1.65, ro=1.19, while the distribution of 
Hill et al., used for Figure 1(d), leads to c=6.55, s=1.85, ro=1.18. The 
optimal distribution of Hill et al. (Table II) has radius larger by 0.8 per cent, 
i.e., 7o=1.19. The approximate formula for ro given in reference (43) over 
estimates ro by about one per cent for these distributions; we have therefore 
reduced the quoted value of r9>=1.20 in this reference to 1.19). Comparison 
of the fits in reference (43) and in Figure 1(d) indicates that such differences 
as exist between theory and experiment can be accounted for by the limita- 
tions of the particular two parameter family of charge distributions used to 
fit the data. 

Corrections to the theoretical analysis ——Corrections necessitated by non- 
spherical symmetry of the charge distribution are discussed in Part III. We 
consider here some corrections to the analysis required as well for spherically 
symmetric distributions. 

(a) Inelastic scattering. This affects the elastic scattering in two ways. 
First, because of finite resolution in the experiment, particles scattered in- 
elastically with small energy loss may be counted as elastic particles. Such 
inelastic collisions may be attributable to bremsstrahlung (discussed below) 
or to excitation of low-lying nuclear states [Thie, Mullin & Guth (55), 
Schiff (56)]. The latter effect, although it provides an interesting new way to 
study nuclear levels, is not of great theoretical significance for the study of 
charge distributions, since there exists a considerable number of nuclei for 
which the scattered particles which leave the nucleus excited may be experi- 
mentally discriminated against. A special kind of inelastic scattering with 
small energy loss, leaving the nucleus in an excited rotational state is men- 
tioned again in Part III. 

The second effect of inelastic scattering may be more important. The ex- 
istence of inelastic processes modifies the outgoing elastic wave. This effect 
has not yet received enough study to establish fully its significance. In 
Born approximation, elastic and inelastic processes are independent. Al- 
though the Born approximation is not accurate at high Z, it still has some 
qualitative value. In particular, in the true situation, as in the Born ap- 
proximation, the outgoing elastic wave is only slightly distorted from a plane 
wave at high energy (E2100 Mev). For electrons of several hundred Mev 
scattered from a heavy element, the outgoing surface of constant phase 
differs from a plane by only a few degrees. Therefore, in spite of the fact 
that at appreciable angles elastic and inelastic cross sections are comparable 
in magnitude, the processes may still be approximately independent because 
of the approximate validity of the Born approximation. 

The magnitude of the inelastic cross section may be crudely estimated 
with the help of the Born approximation. If closure over all nuclear states is 
used (based on the assumption that the more probable excitation energies 
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AE are small compared to the electron energy), then it is easy to derive the 
result (54), 


% =o | F [t+ 2-101 — | F/I 19 
an ’ 
where og; is the point-nucleus cross section and F is the form factor defined 
by equation 5, The inelastic term is of order Z~; it vanishes in the forward 
direction but may become dominant at large angles, where | F|<<1. Alter- 
natively, if one supposes that the inelastic cross section arises from elastic 
collisions between the electrons and single protons in the nucleus, and if the 
exclusion principle is ignored, the second term in equation 19 becomes just 
Z~™, This form agrees with equation 19 at large angles, where the proton re- 
coil is large, but disagrees at small angles, where the exclusion principle 
would, in fact, cut off the inelastic scattering from single proton encounters. 
For this reason, 19 is the better approximation. 

The qualitative conclusion is thus that if the energy resolution is poor, 
the observed scattering in the backward direction will be too great, and con- 
sequently the analysis will lead to the conclusion that the charge distribu- 
tion falls too rapidly to zero. If the energy resolution is high, these qualita- 
tive arguments as to the effect of the inelastic cross section do not apply. 

(6) NonCoulomb forces. These have been mentioned earlier and are 
probably negligible at energies and angles studied so far. 

(c) Radiative corrections. These have been mentioned earlier. Suura’s 
work shows that in an experiment with good energy resolution, bremsstrahl- 
ung does not alter the angular distribution, for arbitrary strength of scatter- 
ing field. This may account for the fact that a consistent analysis of scatter- 
ing at different energies has been carried out (28, 42, 43) using similar nu- 
clear charge distributions. 

(d) Granularity of nuclear charge. The difference between the idealized 
smooth charge distribution and the actual distribution of point charges 
makes itself felt primarily in inelastic processes. The effect on elastic scat- 
tering has not been analyzed, but the qualitative expectation is that for co- 
herent scattering, the difference between a collection of point scatterers 
and a smoothed average potential is not significant; however, this point 
requires further study. 


B. Mu MEsons 


There is rather good evidence that the w-meson is a Dirac particle 
which, like the electron, has no significant interaction with nucleons (for 
the present discussion) aside from the Coulomb interaction (24, 25, 26). 
As a nuclear probe particle it has the further advantage of large mass com- 
pared to the electron, and consequent short wave length and localizability. 
It suffers at present the practical disadvantage that intense monoenergetic 
beams cannot be produced, and in fact, u-mesonic beams free of considerable 
background of other radiations are hard to obtain. Nonetheless, great prog- 
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ress has been made in obtaining spectra of bound yu-mesons, and experi- 
ments to measure the elastic scattering of u-mesons from nuclei have been 
begun. 

Bound mu-mesons.—The significant role of bound w-meson spectra in 
determining the electric properties of nuclei was first pointed out by Wheeler 
(15). The bound meson in the lowest few states is well within the electronic 
K-orbit. Therefore, the problem is essentially hydrogenic for all Z, with the 
important difference, of course, that the finite size of the nucleus is of great 
importance. For the lowest bound state in Pb, for example, the meson is 
bound only half as tightly as for a point nucleus of the same charge. The 
2P-— 15S transition of the meson was observed first by Chang (14) and studied 
quantitatively in the work of Fitch & Rainwater (16). Transitions among 
higher states were also observed, these being, for the lighter nuclei, primarily 
of interest in providing an accurate measure of the u-meson mass. 

The 2P-1S transition energy of the w-meson fixes unambiguously a 
single parameter of the nuclear charge distribution. Although the angular 
distribution of high energy electron scattering contains in principle more 
parameters of the charge distribution, each of these parameters is less ac- 
curately determined. The u-meson measurement, therefore, provides a use- 
ful constraint on the charge distribution, and, when used in conjunction 
with electron scattering measurements, helps to specify more precisely the 
shape of the charge distribution. 

Higher transitions (than 2P-15S) and the 2P doublet splitting do not 
measure the same parameter of the charge distribution as does the 2P-1S 
transition (18). Therefore, for the heaviest elements, accurate measurements 
of several u-mesonic x-ray energies will in part specify the radial shape of 
the charge distribution. The required accuracy of measurement is, however, 
high—to within a few tens of kev for transition energies of several Mev, 
i.e., to within 1 per cent or less. 

Analysis of the mesonic x-ray data and predictions of transition energies 
have been made on the basis of the Dirac equation for the u-meson in the 
static, smooth, spherically symmetric, electric potential of the nucleus. 
Exact calculations of energy levels and eigenfunctions have been carried 
out by Fitch & Rainwater (16), Cooper & Henley (17) and Hill & Ford (18). 
For light nuclei, where perturbation treatment is possible, the 151/2(k = —1) 
and 2Pi;.(k=1) levels are raised above their point nucleus values by an 
amount proportional to 


(Fae = (An/Ze) [elev 20. 
0 


where ¢=[1—(aZ)?]'/2. The coefficient of the 2P1;/2 shift, governed by the 
small component of the Dirac radial solution, is small compared to the coef- 
ficient of the 15Sj/2. shift. The energy shifts of higher angular momentum 
states measure higher moments of the charge distribution, but are negligible 
in comparison to the shifts of the || =1 states. Since the perturbation ap- 
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proximation is valid only for low Z, where o=1, the 2P —15S transition energy 
for the light elements measures (r?)ay, the mean square radius of the charge 
distribution. This is the same quantity that is measured by low energy elec- 
tron scattering. The results of Fitch & Rainwater, summarized in Table ITI, 
give an equivalent radius for the light elements (defined by equation 8), 


Req = (1.20 + 0.03) 10-194 "cm, 21. 


For the heavy elements, a perturbation treatment is no longer suitable, 
and exact numerical calculation is required. Extensive calculations have been 
carried out, especially for element g2Pb, for which the equivalent radius (no 
longer determined by (r*)) is Req= 1.17 X10-¥A!/? cm. 











TABLE III 
Z E(2P 31S) To 
(experimental, Mev) (10-3 cm.)* 
22 0.955 137 
29 1.55 23 
51 3.50 1.22 
82 6.02 :.27 











* Assuming the muon mass to be n= 210m, and using a uniform nuclear model with 
Ro=roA¥, values of ro shown in column 3 gave the best fit to the measured 2P3,.1S 
transition energies given in column 2 as a function of Z. (This table taken from the 
work of Fitch & Rainwater (16)). 


The most easily determined energies (experimentally) besides the 2P-1S 
transition energy are the 2P doublet splitting and the 3D-+2P energy. Asa 
gauge of sensitivity of the u-meson spectra to the shape of the charge dis- 
tribution, we note that for Pb, and for a fixed 2P-+1S energy, the 3D--2P 
energy varies by 4.5 per cent between the uniform and the exponential 
charge distribution. Although small, this difference is about four times the 
theoretical uncertainty of the calculations, so that refined measurements of 
s-mesonic spectra can roughly check the shapes as well as sizes of charge 
distributions determined by electron scattering. 

The various significant perturbations to the calculated u-mesonic ener- 
gies, for spherically symmetric nuclei, have been considered by Cooper & 
Henley (17), Hill & Ford (18), Corben (57), and others (58, 59, 60), and are 
summarized in reference (18). (These exclude the interesting quadrupole 
effects studied by Wheeler (61), by Wilets (62), and by Jacobsohn (63), and 
discussed in Section III.) Two effects account for most of the perturbing 
energy shift, and one of these for most of the theoretical uncertainty. First 
is the polarization of the vacuum by electrons (18, 59). (Other radiative cor- 
rections involve intermediate states with a u-meson created, and are less 
probably by order 10-*.) The electron vacuum polarization is readily calcu- 
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lated to lowest order using results of Schwinger (64). The magnitude of the 
effect is, for heavy elements, of order 1 per cent of the 2P-15S transition 
energy. It has been crudely calculated so far to about 20 per cent, or 0.2 
per cent, of the 2P-+1S energy, but it could easily be refined to less than 
0.1 per cent uncertainty in the transition energy. A point more important 
than accurate calculations of the first order effect is the magnitude of higher 
order effects. Wichman & Kroll (60) have shown that, in spite of the large 
value of aZ for the heavy elements, higher order corrections are in fact quite 
small. Radiative corrections account therefore for a noticeable shift in the 
energy but do not give rise to any important uncertainty. 

The second important perturbing effect is nuclear polarization—the 
admixture of excited nuclear states to the ground state configuration at- 
tributable to the presence of the u-meson (17, 58). This is estimated to be, 
for heavy nuclei, also of order 1 per cent of the 2P-—>1S energy, but its mag- 
nitude is uncertain by about a factor two. The uncertainty may be mini- 
mized in two limits: (a) If there are no nuclear excited states close to the ground 
state (e.g., Pb 208) the whole effect, and, therefore, its uncertainty, is di- 
minished; (6) If the nature of the low excited states, and their mode of cou- 
pling to the u-mesons are understood, the polarization effect, although not 
small, is calculable to reasonable accuracy. This is the case for nuclear rota- 
tional states (Part III). 

Other perturbations have been estimated to be much smaller than these 
two. An interesting fact for heavy nuclei is that the 2P-1S energy is very 
insensitive (17, 18) to the u-meson mass (65, 66). For Pb, this transition 
energy varies near the true mass approximately as m®?. This insensitivity, 
first pointed out by Wheeler (15) is attributable to the shape of the potential. 
For a parabolic potential, as that within the nucleus, energies vary as 
m—/2. For a 1/r potential, as that outside the nucleus, energies vary as m. 
The result, for a meson which finds itself half the time in each kind of poten- 
tial, is a weak dependence of energies on meson mass. 

For the Pb nucleus, it has been estimated that the error of theoretical 
transition energy for a given charge distribution is at most 1 per cent of the 
energy (18). Therefore, a measurement of the 2P-1S transition energy 
(~6 Mev) to less than 1 per cent determines a single parameter of the 
charge distribution to about 1 per cent, slightly more accurately than a 
single parameter can be determined by any other means at present. 

Mu-meson scattering—The scattering of u-mesons from nuclei (27) af- 
fords in principle an interesting new way to study the distribution of nuclear 
charge. There are, of course, great practical difficulties, but preliminary ex- 
periments have been carried out. The advantage of u-meson scattering over 
electron scattering is that a given wave length may be achieved at lower 
energy for the uw-meson, although this advantage largely disappears for 
energies in the hundred Mev region, where electrons and muons are kine- 
matically almost equivalent. 
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C. BounpD ELECTRONS 


The smallness of effects resulting from the finite size of the nucleus on 
the energies of bound electrons is to a considerable extent compensated by 
the very great accuracy with which electronic energy level differences may 
be measured. Thus observations on electronic energies can yield some infor- 
mation on the nuclear charge distribution. The evidence from this source is 
of several kinds. 

x-Ray fine structure-—Christy & Keller (67) have calculated the fine 
structure splitting of the 2P states of heavy elements. The accuracy of their 
work is attested to by the accurate value of the fine structure constant which 
can be derived from it. Schawlow & Townes (68) have shown that the ob- 
served x-ray fine structure can be fit only if one adds to the theory of Christy 
& Keller a very small, but a very sharply Z-dependent term. The finite 
nucleus effect has such a strong Z-dependence because it depends, in addi- 
tion to the usual Z* rate of increase of electron density at the nucleus, on 
the rapid rate of increase of the small component of the P,/2. wave function 
with Z, as relativistic effects become more important. The value of nuclear 
radius obtained by Schawlow & Townes on the basis of an analysis in terms 
of a uniform charge distribution, was 


Req = (1.77 + .27) X 10-34" cm., 22. 


which is in disagreement with all other sources of evidence on the electro- 
magnetic radius of the nucleus. As shown in another paper (69), the differ- 
ence cannot be explained in terms of the shape of the charge distribution, 
since the quantity measured by the P12 energy shift is (r*”)ay, where 
ao =[1—(aZ)?]'2, which is not very different from the quantity measured by 
low energy electron scattering, and is the same as the quantity measured 
by the isotope shift (see below). The discrepancy is probably associated 
with the radiative corrections to the P/2 level (69, 70, 71). These are in the 
right direction to explain the large size of nuclear radius in equation 22, 
and their Z dependence, although not as sharp as the Z-dependence of the 
nuclear volume effect, is sharper than the highest order Z-dependent term 
in the theory of Christy & Keller. The Lamb shift could, therefore, in part 
be included in the nuclear volume effect determined by Schawlow & Townes. 
Until the appropriate radiation corrections have been estimated, the radius 
given in equation (22) will have to be discounted. 

x-Ray isotope shift—An excellent way in principle to divorce the radia- 
tive effects and the volume effect would be to compare the x-ray fine struc- 
ture for different isotopes of the same element. The radiative corrections 
depend almost exclusively on Z, so that the isotopic difference would be 
attributable to the difference of nuclear volumes. Such measurements are 
now just within experimental reach, but positive results have not as yet been 
reported (72). As a way to measure the nuclear radius, however, the x-ray 
isotope shift suffers from the same uncertainties as those in the isotope 
shifts of less tightly bound levels. 
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Optical isotope shift—The comprehensive work of Brix & Kopfermann 
(73) in particular, has led to an understanding of the regularities in the 
atomic isotope shifts (74 to 78) and to a theoretical interpretation of these 
shifts (79 to 83). The observed isotope shift measures the difference, 


5(r??) = (r?")z, naira 23. 


If the nuclei are spherically symmetric, and if an A'/* law of radius holds, 
then the fractional increase of radius is just }A/3A, and 


5(r?”) = (20/3)(6A/A)(r?”). 24. 


Indeed the fact that nuclei are not spherically symmetric (with rare excep- 
tions) has a large effect on isotope shifts (Sec. III). From a knowledge of 
the regular variation of nuclear deformation, however, and the associated 
regular variation of isotope shifts, one can find the magnitude of the isotope 
shift corresponding to spherical symmetry. Still assuming an A'/* law, we 


find 
Req = (0.90 + .1) X 107413 cm.) 25. 


appreciably too small to agree with the u-meson or electron-scattering de- 
termined values. The explanation offered has been that the nucleus possesses 
a finite compressibility [Wilets, Hill & Ford (83)]. This means that the nu- 
clear density depends slightly on the neutron-proton ratio and is not a con- 
stant. When a neutron is added to a nucleus, the density increases slightly 
as a result of the diminished Coulomb energy, and the resultant fractional 
increase of radius is less than (1/3A). The isotope shift is consequently 
smaller than for constant density nuclei, and one is led to the anomalously 
low radius given by equation 25. The magnitude of the nuclear compressi- 
bility is quite uncertain. Early estimates by Feenberg (84) and recent evi- 
dence from a theory of nuclear saturation (85) are in approximate agree- 
ment. They give for the “inverse nuclear compressibility” Eo” (defined in 
reference 84), 


Eo” ~ 50Ame?, 26. 


uncertain to perhaps 50 per cent. This value of compressibility, if used to 
correct the analysis of the isotope shifts, leads to radii larger than given by 
equation (25) by a factor which increases slowly with Z, and, at Z =80, is 
1.27 (83). Thus, near Z =80, the revised estimate of Req from isotope shifts is 


Req = (1.16 + .13) X 10-3415, 27. 


for the compressibility given by equation 26. 

It is clear from the discussion above that the x-ray fine structure and 
isotope shift do not at present provide an accurate means to determine 
nuclear radii. The theoretical analysis of the effect of the finite nucleus on 
these quantities, however, can be usefully applied for quite other purposes. 
Since one now knows the nuclear electric radius quite accurately from other 
experiments, this quantity may be regarded as known. More accurately 
stated, the u-mesonic and electron scattering measurements together pro- 
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vide enough information on the charge distribution to calculate (r?”) ac- 
curately. If this quantity be inserted into the theory of the effect of the 
nuclear extension on bound electrons, the remaining discrepancy then pro- 
vides a measure of other interesting quantities—the Lamb shift of the 2Pi/2 
electronic level from the fine structure data, and the nuclear compressi- 
bility from the isotope shift data. We have not attempted to carry out the 
former analysis. About the latter, we conclude that the experimentally de- 
termined nuclear compressibility is 


Eo” = (90 + 30)Ame?. 28. 


The limits of error in equation 28 are a crude guess, since a detailed analysis 
has been carried out only for the values 50 Amc? and 100 Amc? (83). 


D. CouLomMB ENERGY 


The Coulomb energy difference between mirror nuclei is one of the oldest 
means to determine nuclear radii, but the difficulties of exact interpretation 
were recognized early (7, 86) and have been reemphasized recently (17, 87 
to 91), although they have not been stressed in the interim, possibly because 
the simplest interpretation of the data without corrections led to radii in 
agreement with those obtained by a-decay and by fast neutron total cross 
sections for the heavier elements. The difficulty is associated, of course, 
with the fact that the Coulomb energy, in spite of its purely electrical nature, 
is dependent on certain details of the nuclear structure. 

On a classical theory of uniformly distributed charge over a volume 4/3 
a R°, the nuclear Coulomb energy is 


E. = (3/5)Z(Z — 1)e?/R, 29. 


and the Coulomb energy difference between mirror nuclei (Z and Z+1), 
AE, = (6/5)Ze?/R. 30. 


When the mirror nuclei are interpreted in this way, one finds resulting radii 
which follow quite closely an A1/? law (8), given by 


R = 1.46 X 10-%A1/3 cm., 31. 


up to A =43. There are two reasons why this simple interpretation is not 
correct. First, the antisymmetrization of the ground state proton wave func- 
tion leads to exchange terms which diminish the Coulomb energy and, 
therefore, diminish the calculated radius. Cooper & Henley (17) give the 
approximate formula which includes the exchange energy, 


E. = (3/5)Z(Z — 1)e?/R — 0.46 Z4/%e?/R. 32. 


This leads for the light nuclei to an average reduction of radius of about 
10 per cent, i.e., a change of the radial constant in equation 31 from 1.46 to 
1.3. A more detailed study of the correction term in equation 32 has led 
to an explanation of an alternation in magnitude of the correction for very 
light nuclei on the basis of the symmetry properties of the ground state 
wave function (89). 

A second and more difficult correction to equation 30 comes about from 
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the difference between the density distribution of the proton participating 
in the 8-decay and the average density distribution of all protons. Although 
equation 32 might provide a good estimate of the total nuclear Coulomb 
energy, the difference E.(Z+1)—£E,(Z) evaluated from equation 32 could 
be in considerable error if the disappearing proton had a very nonuniform 
density distribution. The nuclear shell model suggests that this is the case, 
and calculations of Coulomb energy differences on the basis of the shell mod- 
el have been carried out by Cooper & Henley (17), by Jancovici (90), and 
by Carlson & Talmi (91). The results generally tend to give nuclear elec- 
trical radii smaller than equation 31 by 10 to 15 per cent, but no longer so 
smoothly varying with A as the results of the simpler analysis. The final 
result of the mirror nucleus analysis is a radius given by 


R = (1.3 + .1) X 10-8A" cm. 33. 


It is still uncertain whether this slightly high value results from inade- 
quacies of the analysis, or from the fact that the proton density in light 
nuclei is indeed somewhat lower than in heavy nuclei. The latter conclu- 
sion is suggested by Carlson & Talmi (91), who find an increasing trend of 
nuclear density between A=13 and A=27. Two omissions in the analysis 
so far which may be of significance are the following. (a2) Nonuniform nu- 
clear density. Since the Coulomb energy and electron scattering measure 
different properties of the charge distribution, the nuclear radii obtained 
should agree only for a uniform distribution. For a gaussian distribution, 
the radius, R.g, deduced from Coulomb energy should be smaller by 5 per cent 
than that deduced from low energy scattering (69) (or any other effect meas- 
uring (r?)). Since the radius in equation 33 is already larger than that 
found from electron scattering, this effect would increase the discrepancy 
somewhat. (6) The short range correlations in proton positions within the 
nucleus brought about by repulsive cores in the nuclear forces would reduce 
the Coulomb energy. This effect would further decrease the radius deduced 
from the mirror nuclei energy difference, and would be in the direction to 
diminish the discrepancy between the radius in equation 33 and the radius 
deduced from the more purely electromagnetic means. 

The two corrections to equation 29 stressed for the mirror transitions 
are not important for the total Coulomb energy term appearing in the semi- 
empirical mass formula for medium and heavy nuclei. From this term one 
may therefore deduce an electrical radius by means of equation 29. It is un- 
fortunately very difficult to estimate the probable error of the nuclear 
Coulomb energy obtained in this way. We therefore state, without indicated 
error, the nuclear electric radius deduced by this means (40) from a recently 
revised semi-empirical mass formula (92): 


Req = 1.23 X 10-3A3 cm. 34. 


III. ELECTRIC MEASURES OF NUCLEAR 
ANGULAR SHAPE 


Simple considerations of the energetics of nuclear deformation show that 
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the predominant mode of deformation should be ellipsoidal, as expressed by 
equation 2. As noted under that equation, such deformations are character- 
ized by two parameters, a deformation parameter, 8, related to the absolute 
magnitude of the deformation, and an asymmetry parameter, y, measuring 
the deviation from cylindrical symmetry. These are classically defined 
quantities, however, assuming a static nucleus. For large nuclear deforma- 
tions, 8 and y may indeed have classical significance (amplitude of surface 
vibration<deformation), but even then approximate degeneracies between 
different combinations of 8, y may lead to mixing of different deformational 
configurations. For small deformations, 8 and y have significance only as 
expectation values. 


A. QUADRUPOLE MOMENTS 


The shell model of the nucleus in its simplest form (nucleons moving 
independently in a common central potential) predicts quadrupole moments 
for any number of particles which are of the same order or less than the 
quadrupole moment of a single particle. This is because closed shells have 
zero quadrupole moments and groups of equivalent particles have quadru- 
pole moments less than one particle of the group. Many observed moments 
are many times larger than can be explained by the central-well shell mod- 
el. These large moments can be explained in the same shell model language 
in terms of very great configuration mixing in which many partly filled 
shells contribute additively to the quadrupole moment. An equivalent but 
far simpler explanation is in terms of a collective description of deformation 
of the whole nucleus. The shell model together with a finite nuclear de- 
formability offers a ready explanation of the mechanism of the deformation 
and also accounts for the order of magnitude of the observed quadrupole 
moment. 

Townes, Foley & Low (93) first pointed out the regularities in quadrupole 
moments as a function of mass number, and the correlation of these regu- 
larities with nuclear shell structure. Rainwater (94) showed that surface 
coupling of extra nucleons can account for the large magnitude of some ob- 
served moments, and the theory of this surface coupling was developed by 
Bohr (95), Hill & Wheeler (96), and Bohr & Mottelson (97). In a more re- 
cent survey of quadrupole moments, Goeppert-Mayer (98) has considered 
the combined contributions of extra-shell protons and of total nuclear defor- 
mation. She finds that in the vicinity of closed shells, the moments can be 
accounted for with zero deformation, while far from closed shells quite 
substantial deformations are required. The general picture obtained from 
observed moments is therefore a regularly varying nuclear deformation 
with minima for either proton or neutron closed shells, and maxima be- 
tween closed shells. 

Since we wish to avoid detailed discussion of the shell model and nuclear 
structure, we merely emphasize here that for nuclei with small quadrupole 
moments the nuclear deformation appears to be almost negligible. This 
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conclusion comes both from the quadrupole evidence given by Goeppert- 
Mayer, and from the success near closed shells of shell model calculations 
based on spherical symmetry (99, 100, 101). There are, then, at least a few 
nuclei for which a spherically symmetric charge distribution is a very good 
approximation. 

For nuclei in the opposite limit, with very large quadrupole moments, 
it is reasonable to ignore the extra-particle contribution and to evaluate the 
angular shape of the nucleus on the assumption that all of the observed 
quadrupole moment is caused by the deformation of a homogeneous charge 
distribution. The “‘intrinsic’’ quadrupole moment, or moment relative to 
body fixed axes (or “‘classical’’ moment appropriate for angular momentum, 
I-—«), may then be defined for the charge distribution having the form given 
by equations 1 and 2: 


Oo = f o(r’)(3Z"2 — r'2)r"8dr’dQ 35a. 
0 


x (5/1) "?Z(r* avo = (5/2) /?Z(r?)avB cos ¥. 35b. 


In equation 35a the primes denote body-fixed axes such as are used in equa- 
tion 2. Equation 35b is only accurate to order a; higher terms are omitted. 
The mean square radius which appears here is averaged over angle, i.e., 


(r?)ay = (42rp0/Ze)rib f ST (x)x4dx. 36. 
0 


Equations 35 and 36 have the same form as the usual definitions for a 
uniform charge distribution, but they hold (to order a) for an arbitrary radial 
shape, f(x). If the angular momentum is directed along the Z’ axis in the 
body, then the observed quadrupole moment is less than Qo by a projection 
factor (97), 


7 I(2I — 1) 
(+ QT +3) 


The simplest interpretation of observed quadrupole moments is then ob- 
tained by supposing that the deformation is cylindrically symmetric about 
the axis defined by the total angular momentum. On ethen sets cos y= +1 
according as Qo20, and uses 35b together with the projection factor, 37, 
to obtain §(r*)gy as the parameter of the nuclear charge distribution 
measured by experiment. Whether the number so determined is indeed 
B(r?)ay depends on the orientation of the angular momentum in the body 
fixed system and on the magnitude of the deformation, both of which change 
the projection factor of equation 37; on the direct contribution of extra- 
shell protons to the quadrupole moment; and on the degree of asymmetry 
of the charge distribution, which changes cos y. The last effect, in particular, 
could cause a small observed moment and a consequent underestimate of 
8. Near closed shells the direct particle contribution causes instead, with 
this interpretation, an overestimate of 8. However, in the region of large def- 
ormations, the only region where the simple picture of a deformed homogene- 


37. 
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ous charge distribution is appropriate, the assumptions described above are 
expected to be nearly correct. 

Although the quantity determined by the quadrupole moment is B(7*)ay, 
we can take (r*),y as a known quantity from the u-mesonic energies or from 
electron scattering results, and therefore determine from the data the defor- 
mation, f, alone, by the formula 


B = (x/5)-¥2[Z(r?) (Pd) | QI. 38. 


Nuclear deformations determined from quadrupole moments (102) by this 
formula are shown in Figure 3, except that 6 cos y is plotted in order to il- 
lustrate the sign of Q. The values are expected to be meaningful measures 
of the actual deformation of total nuclear charge only where they are large 
(820.1 for the heavy nuclei, 80.2 for the intermediate nuclei). Measured 
quadrupole moments are not of high accuracy, but Figure 3 nonetheless 
gives valuable evidence as to the magnitude of nuclear charge deformation, 
as to the regularity of this deformation as a function of neutron number 
(for N70), and as to the marked preference of large deformations for the 
prolate shape. 


B. ELECTRIC QUADRUPOLE TRANSITION RATES 


Electric Quadrupole (£2) transition rates measure the off-diagonal 
matrix elements of the same operator whose diagonal element is the ground 
state quadrupole moment. As a means to measure nuclear deformation, the 
transition rate has one disadvantage, but several advantages, as compared 
to the quadrupole moment measurement. The disadvantage is that two 
nuclear states are involved; if the excited state deformation differs from that 
of the ground state, one does not measure the desired quantity, the ground 
state deformation. There is a good theoretical reason to believe, however, 
that certain low excited states of nuclei with large deformation have nearly 
the same angular shape as the ground state (97). For such nuclei, whose 
angular shape is in fact of the greatest interest, this feature is therefore 
not a serious disadvantage. The advantages of the transition rate measure- 
ments, relative to quadrupole moments are: (a) the available data is more 
extensive; (b) the accuracy of measurement is frequently much greater; 
(c) the quadrupole matrix elements may be determined even for spin zero 
or one half, when quadrupole moments vanish, and therefore, in particular, 
the deformations of even-even nuclei may be determined. 

As in the discussion of quadrupole moments, we shall avoid considera- 
tion of nuclei which are spherically symmetric or have only very small def- 
ormations, since the £2-transition rates in these nuclei will depend on shell 
structure effects as well as collective effects. For nuclei with large deforma- 
tions, there are two simplifying features: (a) The contribution to £2 rates 
of extra-shell protons will be small compared to the contribution of the col- 
lective nuclear deformation. We therefore consider only the collective con- 
tribution; (b) Nuclear rotational states are expected to have deformations 
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nearly the same as the ground state, and to be connected by large quadru- 
pole matrix elements to the ground state (for AJ <2). Moreover, the theo- 
retical treatment of £2 rates is very easy in the limit of large deformations. 
The collective quadrupole operator for a homogeneous distribution of 
charge, defined by equations 1 and 2 is (analogous to equations 35), 


Qom’ = af p(r’) Vom(6'o’)r4dr'dQn’ 39a. 
0 


= (5/417)Z(r* am’, 39b. 


where (r?) is defined by 36 for an arbitrary radial shape function, f(x). 
Note that the normalizations of 39b and 35b are different: Qo =4(1/5)"/*Quo. 
The factor of difference stems from the standard practice of defining the 
quadrupole moment in terms of 3Z?—r*, but the quadrupole transition oper- 
ator in terms of r? Yon(8, @). 

Since the radial shape of the charge distribution enters only through 
the mean square radius, (r?), which is determined from other experiments, 
the problem is only to determine ao’ and a’ (a_»’ =a’, a+,’ =0), the two in- 
dependent deformation parameters in the body fixed system. One supposes, 
on the theoretical basis of the collective model, and the experimental basis 
of the symmetric top rotational energies proportional to J(7+1), that in fact 
most nuclei with large deformations are cylindrically symmetric. Therefore 
a’ =0, and ao’(= +8) is the single deformation parameter determined by 
experiment. There is very little experimental information so far which bears 
on the interesting question whether there are nuclei with large but asymmet- 
ric deformations. 

The theory of the fast E2 transitions of deformed nuclei is based on the 
collective theory of nuclear rotational states (97, 103, 104). The particle 
structure is assumed the same in initial and final state, and the relevant 
part of the nuclear wave function is written as the product [aside from sym- 
metrization, For more detailed discussion, see reference (97)], 


Y ~ $2,x(8, y)Dux'(@, ®, y). 40. 


The function @ describes the vibration of the 8, y deformation parameters, 
D is the eigenfunction of a rigid rotator, with principle axes defined by Euler 
angles 0, ®, y relative to space-fixed axes, and the quantum numbers are J, 
total angular momentum; M, Z-component of J; K, component of J along 
3-axis of body-fixed system; and {2, the component of extra-nucleon angular 
momentum along the 3-axis. In case the deformation is large, and the con- 
nected states belong to the same rotational band (AK =AQ=0), the vibra- 
tion function is unchanged, and only the angular function Dyx! is impor- 
tant. This rotational factor in the wave function is not sensitive to the model. 
It would be the same for a rigid rotation as for an irrotational flow. The ob- 
served transition rates should therefore provide a measure of the deforma- 
tion of charge, independently of the detailed nature of the rotational states. 
The quadrupole operator in the spaced fixed system is 


Qom = (5/4r)Z(r?)am; 41. 
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but the a, are related to the body-fixed deformation parameters a@»’, by 
an = > Dmx’ (8, ®, Pax’, 42. 
k 


in which the Dn, the transformation functions of the spherical harmonics, 
are just the complex conjugates of the eigenfunctions of the rotator, except 
for a different normalization, and the a,’ are given by equation 3. 

Following the notation of reference (97), we note that an electric quad- 
rupole transition rate measures a reduced probability, B,(2), given by 


B.(2) = (20; +1) YO | (f| eQem| i) |? 43a. 
M;Mym 
= (27; + 1)-| (f|]eQellé) |. 43b. 


The evaluation of the reduced probability involves, according to equations 40 
and 42, integrals of the type 


f Dux'Dme® Dux" cos 6déd#dy. 44. 


Evaluations have been carried out, for example, by Bohr & Mottleson (97). 
For AK =0 (transition within a rotational band, the usual case), the results 
are 


SKI +1+4+K)(+1—-K) 


45. 
II + 1) + 2)(27 + 1) 


BUI 1 +1) = (5Ze/4m)?[(r?) }2(8 cos y) 





and 
B(I +1 +2) = (5Ze/4r)?[(r?) ]? < B cos y)? 
37 +24+K0+1+KH0+2—-K)(1+1-K) 46. 
21 + 1) + 2)(27 + 1)(27 + 3) 


The quantity (8 cos y) means the matrix element of B cos y between initial 
and final vibrational wave functions. It is this expectation value which, for 
large deformations, we refer to simply as the classically-defined nuclear 
deformation, 8 cos y. According to the theory of rotational states, the quan- 
tum number K is set equal to Jo, the lowest spin-value of the given rotational 
band (frequently the ground state spin). We further note the rule for the in- 
verse transitions: 


BUI > 1')/B(I' > I) = (21 + 1)/(21 + 1). 47. 





The theory for transitions between different rotational bands is less 
clean cut, because the particle structure is in general expected to be changed. 
In case it is not, however, such transitions provide evidence on the asym- 
metry of the charge deformation. It is not certain whether such transitions 
have yet been observed. The general selection rule on the angular momentum 
projection quantum number is AK=0, +2. For AK=0, the reduced prob- 
abilities are given by equations 45 and 46 and measure (8 cos y)*. For 
AK = +2, the reduced probabilities measure (8 sin y)* and have the form: 


B = }(5Ze/4m)*[(r2) ]2(6 sin y)*Q(/). 48. 
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The factors Q(7) depending on the angular quantum numbers in the transi- 
tion are given in Table IV for the cases that the transition begins or ends at 
the lowest member of one rotational band. These factors come from inte- 


TABLE IV 


ANGULAR Factors, Q(J), REQUIRED IN EQUATION 48 FOR EVALUATION OF 
TRANSITION PROBABILITIES BETWEEN ROTATIONAL BANDS, IN CASE 
PARTICLE STRUCTURE IS UNCHANGED. INITIAL STATE IS K =I. 

















AK ly | Q(1) 
$2 I+2 | 1 
= I-2 (21 —3) /(2I+1) 
I-1 4(2I—1)/(2I+1)(2I+2) 
I 12/(21+2)(2I+3) 
[+1 96 /(2I-+1)(2I-+2)(2I+4) 
I4+2 576/(2I+1)(2I+2)(21+3)(21+4) 











grals of the type in equation 44, which may be evaluated, for example, by 
using the expression of the normalized Dyx! functions in terms of Jacobi 
Polynomials: 
Dux! = (2r)— exp [iMo + iKy]-x(cos 8), 49a. 
x(x) = n(1 — x)O@(1 + 2)BP, H(z), 49b. 
where P,,*(x) is the Jacobi Polynomial as defined in reference (105), and 
the normalization constant is, 
_ = n'i(n + a + B)! 8 
vee 281 (un talintpit ’ 





49c. 


and 
a=|M-—K|, B=|M+K|, n=I—-}@+8). 


It should be stressed that the importance of the collective theory of rota- 
tional states in this discussion is just that it predicts that many nuclei havea 
classically definable angular shape (in general spheroidal) and provides a 
ready means to determine this shape from £2 transition rate measurements. 
Although the interpretation of the transition rates in terms of charge defor- 
mation rests on this theory of nuclear structure, it is, as pointed out earlier, 
insensitive to all details, depending only on the idea of rotational states. 
Gamma decay.—Lifetimes of nuclear states undergoing E2 transitions 
have been measured for a number of nuclei among the heavy elements (97, 
106, 107). The determination is limited to transition energies sufficiently 
small to make the lifetime measurably long, but this condition is satisfied for 
most of the low-lying rotational states of heavy nuclei. These lifetimes de- 
termine a charge deformation, Bz, within the limits set by the assumptions 
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above (rotational theory, direct particle contribution small), and with the 
further assumptions of cylindrical symmetry, 


Br? = (8 cos y)*, 50. 


and of known mean square electric radius. From the available data, we plot 
in Figure 4, Bg? versus neutron number N, with mean square radius taken 
to be 


(r?) = (3/5)(1.20 XK 10-343 cm)?. . 


The data is taken from a recent compilation by Sunyar (107), and his 
estimates of internal conversion coefficients are used. The deformation 
shows a very regular trend with neutron number in agreement with the trend 
from quadrupole moments (Fig. 3). The transition rates lead, however, to 
6? smaller by about a factor two than 6? from quadrupole moments. (An ex- 
ception is the quadrupole moment of 68 Er'®’, for which the discrepancy is 
greater). According to Figure 4, 8*\;4x=0.12 in the rare earth region, or 
Bmax=0.35. This corresponds to a nuclear shape ~[1+0.22 P2(cos 6)], 
which we shall call a 22 per cent deformation. The quadrupole moment of 
Er'®’, if taken seriously, gives a 50 per cent deformation for that nucleus. 

Coulomb excitation.—The process of electric excitation of nuclear levels 
has been exploited recently to measure the £2 transition rates of many 
transitions. The method is in a sense complementary to lifetime measure- 
ments, being most easily applied to fast E2 transitions (although the de- 
pendence of the excitation cross section on transition energy also favors low- 
lying levels). Also the Coulomb excitation process has the advantage of pick- 
ing out almost exclusively the E2 rate between levels of the same parity, 
not being affected by the possible competition of M1 in the decay process 
(important in the odd-even nuclei). 

Coulomb excitation cross sections have been measured by a number of 
workers (108 to 111). In particular, Temmer & Heydenburg (109), McGowan 
& Stelson (110), and McClelland, Mark & Goodman (111) have surveyed a 
large number of nuclear levels. Some results kindly furnished in advance of 
publication by McGowan & Stelson are included in Figure 4, reduced to the 
square of the nuclear deformation, 8g”, according to the formulae 45 and 46 
and the assumed relations 50 and 51, for the symmetry of the deformation, 
and for the electric radius. These results are seen to be in good agreement 
with deformations determined by lifetime measurements. 


C. IsoToPE SHIFTS 


The atomic isotope shift provides the most sensitive measure now avail- 
able of the change of nuclear electric radius from one isotope to another. 
Specifically, the measured quantity is 6(r?”) (equation 23), where (r*) is 
averaged over the radius and over angle. As discussed in section II, part C, 
the important role of nuclear compressibility in the phenomenon invalidates 
the isotope shift as an accurate way to measure nuclear electric radii. Since, 
however, the isotope shift depends on the angular shape as well as the radial 
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shape of the charge distribution, one may regard as known the radial shape, 
and seek to extract information from the isotope shift on the angular shape. 

Brix & Kopfermann (73) first suggested that nuclear deformation might 
account for certain anomalously large isotope shifts (by more than a factor 
two) in the neighborhood of neutron number 90. Wilets further suggested 
that nuclear deformation might explain all of the anomalies, and the regular 
variation of the reduced isotope shift with neutron number. An analysis of 
isotope shifts from this point of view (83) confirmed the idea that all of the 
variation of anomaly with mass number could be accounted for in terms of 
the deformation of nuclear charge. Moreover, the isotope shift provides a 
measure of the change of nuclear deformation which is independent of uncer- 
tainty associated with the nuclear compressibility. 

Consider the nuclear charge distribution defined by equations 1 and 2 
and suppose that the deformation is spheroidal. Then a, =8 cos yéyo, and 
the mean value of r*’[o= {1—(aZ)?}"/2] is given, to second order in B, by 


(p27) = (4erpo/Ze)F,3+2” f fla)x2*8dx X [1 + (8x)-1(3 + 20)(2 + 20)8?]. 52. 


Now the radial constant, 7, is independent of 8 only to first order {cf. equa- 
tion 36, where second order terms were ignored]. To second order, the nor- 
malization of charge gives 


1 = (4xpo/Ze)Fi3 f f(x)x%de[1 + (3/4) 8°]. 53. 


A revised radial constant, 7, is therefore defined such that po?,’ is a constant 
through second order in B: 


7 = 7,[1 + (1/4r)B?]. 54. 
Substitution of equations 53 and 54 into 52 gives 
(r2%) = (n)?7-R- [1 + (8x) 20(20 + 3) 8°]. 55. 


where ® is the ratio of two integrals over the radial shape function, f(x): 


R= f fla) / f fla)xdx. 56. 


Now we suppose that two isotopes of a given element differ in nuclear radius, 
or in central charge density (7, changes), and in deformation (6 changes), 
but not in the radial shape of the charge distribution (R does not change). 
In that case, the change in (r?”), which is proportional to the isotope shift, 
is given by, 

5(r%) = Rls.) + (7:2) (8)—20(20 + 3) 862]. 57. 


In the second term within the brackets, the change of 72 between the isotopes 
is ignored, since in general the fractional change of 8? is much greater than 
the fractional change of 7;. The isotope shift has been calculated for spherical 
incompressible nuclei,—i.e., assuming 6?= 0, and 
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5(r2*) /(7:2%) = (20/3)(5A/A). 


If this model is called the ‘“‘standard,’’ then 
[3(r?”) |st’d = R[4(7,2”) |st’d, 58. 


and the ratio of the observed isotope shift to the standard shift is just the 
ratio of the expressions in equations 57 and 58: 


[(Shift)exp./(Shift)srp] = {6(7:2”)/[6(r7:2”) stp} + { (3/8) A (20 + 3)(582/8A) }. 59. 


This discussion is a slight generalization of that given in reference (83) to 
include nonuniform charge distributions. The result, however, is not essen- 
tially altered. The ratio given by the left side of equation 59 has first been 
plotted by Brix & Kopfermann (73) who showed that the deviations of the 
ratio from unity are large but regular. 

The right side of equation 59 breaks up very conveniently into two terms, 
one associated only with the change of mean charge density between the two 
isotopes, the other only with the change of deformation. All of the uncer- 
tainty coming from the nuclear compressibility comes in the first term. The 
ratio in the first braces in equation 59 should be less than 1. Experimentally, 
it appears to be about 0.64 for the heavy elements, which is in good agree- 
ment with what is expected for a reasonable nuclear compressibility, as 
pointed out in section II, part C. The final assumption required in order to 
interpret the isotope shifts in terms of nuclear deformation is that the value 
of the ratio in the first braces is nearly constant, or only slowly varying with 
A, among the heavy elements. This assumption would be wrong if, for ex- 
ample, shell structure effects caused a change in the average nuclear density 
among isotopes. However, it is the Coulomb energy which causes the ratio 
in question to be ~0.64 instead of 1. Shell energies are smaller than Coulomb 
energies in the heavy elements and should therefore change this ratio by a 
lesser amount. 

Within the framework of the assumptions outlined above, the change of 
nuclear deformation, 682, between isotopes can be found as follows. The ratio 
of observed isotope shift to the ‘‘standard”’ shift is plotted versus N or A. 
One reads off the ratio at several points where, on the basis of other evidence, 
66? is expected to be nearly zero (e.g., near Pb 208 or at the maximum of 6? 
versus N shown in Figures 3 and 4). These values should be (and are) nearly 
the same. They determine the value of the first braces on the right of 59. 
For the rest of the plotted points, the value of the first braces is taken to be 
the same, whence the values of the second braces, and therefore of 667/6A, 
are read off. Figure 5 shows a plot of (Shift)exp./(Shift)srp., which differs 
from that given in reference (73) only in that the nuclear electric radius is 
here taken to be 1.2010—-%A1/3 cm. instead of 1.4010—%A!/* cm. Values 
of 682/6A determined from this curve are plotted in Figure 6, together with 
the same quantity obtained by differencing values of 6? plotted in Figure 4, 
where these are known for more than one isotope of a given element. The 
agreement is excellent in view of the magnification of error inherent in taking 
small differences of numbers from experimental sources. The marked asym- 
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Fic 5. Ratio of observed isotope shift to “standard” shift for uniform density 
nuclei with R=1.20X10~%A’/%, plotted versus neutron number N. Z values are indi- 
cated on graph. The assumed line of zero deformation is drawn in at ordinate 1.65. 
(The Nd points (Z =60) are only known relatively, but are included because they con- 
firm the large anomaly at N=88 to 90.) Points are placed at the higher N value of 
each pair of isotopes. 
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Fic. 6. Rate of change of nuclear deformation with mass number, versus neutron 
number, N. Circles are the derivatives 68?/6A evaluated from isotope shift data 
(Fig. 5). The squares are obtained by differencing the values of §? for fixed Z, which 
are calculated from £2 transition rates and illustrated in Fig. 4. 


metry of this curve is attributable to the fact that large deformations de- 
velop very rapidly between neutron numbers 88 and 90, while the deforma- 
tion falls off gradually and smoothly between N=100 and 120. The small 
discontinuity at N =118 is probably real, since it is seen also in the energies 
of the first excited state of even-even nuclei. The isotopes of Hg and Pb ap- 
pear to be nearly spherically symmetric. 


D. Mu-MEsonlic x-Rays 


Wheeler (15, 61) first pointed out that the effect of the quadrupole mo- 
ment of the nucleus on the levels of the bound u-meson might be quite ap- 
preciable, possibly of the same order as the fine-structure splitting in some 
cases, which amounts to several tenths of an Mev for heavy nuclei. He has 
calculated some quadrupole patterns, although the experiments have not as 
yet resolved the quadrupole effect. In interesting recent papers, Wilets (62) 
and Jacobsohn (63) have shown that the dynamic interaction of the y-meson 
with a deformed nucleus is as important as the static interaction, and that, 
in addition, the dynamic interaction modifies the fine structure of the p- 
meson even for even-even nuclei of spin-zero, for which, of course, the static 
interaction vanishes. This large effect comes about from the large electric 
quadrupole interaction of the w-meson with the nuclear rotational states, 
which causes nuclear excitation with substantial probability by the cascad- 
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ing w-meson. Wilets and Jacobsohn calculate typical fine structure patterns 
to be expected for 2P-—+1S u-mesonic transitions. A particularly interesting 
feature is that this pattern depends on the sign of the intrinsic nuclear def- 
ormation (sign of cos y), and affords the only method known at present 
which permits in principle the measurement of this quantity for even-even 
nuclei. From the calculations of Wilets and Jacobsohn it appears that, al- 
though individual lines of the fine structure pattern will not all be resolved 
with conventional techniques, the intensity patterns for positive and negative 
cos y will be sufficiently different that a determination of the sign of the def- 
ormation will be possible without unreasonable demands on the experimen- 
tal energy resolution of the y-rays. Such measurements will be of great inter- 
est, since one anomaly of the large nuclear deformations in heavy nuclei 
not explained theoretically is the marked predominance of positive cos y for 
the odd-even nuclei. As shown by Wilets and Jacobsohn, the order of magni- 
tude of the deformation will also be determined by the 2P-1S fine structure 
pattern, but not with the accuracy expected of transition rate measurements. 


E. ELECTRON SCATTERING 


A characteristic of the high energy electron scattering angular distribu- 
tions from the highly deformed nuclei is a smoother variation with angle than 
is shown by the distribution from nearly spherical nuclei (112). It is reason- 
able to attribute this behavior largely to the averaging over angles of the 
highly deformed nuclear surface so that the radial distribution of charge 
which is effective in the scattering is more gradually tapered at the nuclear 
surface than in the case of spherically symmetric nuclei. One such calculation 
has recently been performed by Downs, Ravenhall & Yennie (113) for the 
element Ta!*!, a nucleus whose charge deformation has been rather accurately 
determined by other means, and is large. The quadrupole effect on the scat- 
tering has been treated as a perturbation on the exactly calculated scattering 
for a spherically symmetric nucleus (113, 114). The large deformation of the 
nucleus perturbs the scattering in three ways: (a) The electrons which 
excite the nucleus to low-lying rotational states (137 Kev and 300 Kev in 
this case) and which are inelastically scattered are included experimentally 
as partof the elastic group [see Schiff (56)]; (6) The quadrupole field contrib- 
utes to the elastic scattering. (This effect is averaged over orientations of the 
nucleus, i.e., over M values, and contributes only for J>1); (c) The defor- 
mation averaged classically over all angles extends and smooths the radial 
charge distribution. For even-even nuclei and for ideal energy resolution, this 
effect is the only one present and could not be distinguished from a change in 
the radial shape of the charge distribution. The effect of the subtraction of 
the inelastic electrons on the elastic amplitude is considered to be of negligible 
importance and is hence omitted in this discussion. 

The measured angular distribution of 180 Mev electrons from Ta, 
together with fits made by Downs et al. (113) for various assumed nuclear 
deformations, are shown in Figure 7. The best fit to the data gives a value of 
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Fic. 7. Effect of nuclear deformation on scattering of high energy electrons. The 
charge distribution employed is that of equation 16, multiplied by [1+eP2(cos 6).] 
The parameters cg and sz are the size and surface thickness parameters as given in 
equations 17, except that they are averaged over angle. (This figure kindly furnished 
by Downs, Ravenhall & Yennie (113) in advance of publication.) 
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intrinsic quadrupole moment of about 10 barns, in good agreement with other 
values for the same nucleus. 


IV. OTHER EVIDENCE ABOUT NUCLEAR 
CHARGE DISTRIBUTION? 


A. NucLEAR RApbIUs BY NONELECTRIC MEANS 


Most measures of nuclear size which utilize nuclear forces give radii 
R=>(1.4 to 1.5) X10-"A!/? cm. These sources include total neutron cross 
sections at medium (115) and at high (116) energy, a-particle scattering 
(3 to 6), a-decay (117), and charged particle reaction rates (118). From 
angular distributions of low-energy neutron scattering, Emmerich (119) finds 

R ~1.3 X 10-843 cm., 60. 
while from analysis of high energy neutron cross sections, Brenner & Williams 
(120) obtain R&1.110-"A"/3 cm., smaller than any other nuclear force 
determination of radius. A recent careful analysis of proton scattering in the 
neighborhood of 20 Mev by Woods & Saxon (121, 122) has been carried out 
in terms of the complex well, 


= VotiWo 
=: 1+expk(r —R)’ 


‘f 


61. 





and leads to perhaps the most reliable estimates of the radius of the nuclear 
potential. They obtain R=1.36X10-%A"/3 cm. and k!=0.5 X10—" cm. (with 
Vo=38 Mev, Wo=9 Mev). Gatha & Riddell (123) find from an analysis of 
very high energy proton scattering, R=1.25 X10-"%A!/3 cm. Thus the nuclear 
force-determined radii, although quite scattered, seem to be predominantly 
from 5 to 20 per cent larger than the radius of the charge distribution. The 
evidence is that the nuclear potential strength becomes large at a radius 
where the charge density is only from 10 to 20 per cent of its value in the 
interior of the nucleus. 


B. NONELECTRIC MEASURES OF NUCLEAR ANGULAR SHAPE 


Rotational states —The collective theory of nuclear rotational states (97, 
103) has had remarkable qualitative success, and therefore its quantitative 
failure is surprising (103, 124). These facts seem well established for a num- 
ber of heavy nuclei well removed from closed shells: (a2) These nuclei have 
large deformations as deduced from the consistent evidence of several meth- 
ods of measuring the deformation of charge; (b) These nuclei possess rotation- 
al states with energies given, very accurately in some cases, by 


E; = [1(I +1) — Io(Io + 1) ]#/235; 62. 
(c) The moments of inertia, 3, are approximately proportional to the square 
of the charge deformation, 


2 References included in this section are intended to be illustrative only, and by 
no means complete. 





64 FORD AND HILL 
3 = const. X 6?. 63. 


This detailed correlation of moments of interia and charge deformations is 
especially well-illustrated in a recent paper by Sunyar (107), who evaluates 
6? from lifetime measurements of £2 transitions. He finds that the qualitative 
form of the curves 6? versus N evaluated from these two sources is very close- 
ly the same. 

The quantitative failure arises in the magnitude of the proportionality 
constant in equation 63. It is easy to show that a classical spheroidal liquid 
droplet rotating about an axis perpendicular to its symmetry axis with 
irrotational flow possesses a moment of inertia, 


3 = 3BB 64. 


where B =4poR° for a uniform density droplet of mean radius R. The same 
result follows from the strong coupling limit of the collective model, the 
irrotational flow in this case stemming actually from the independent particle 
model. In the opposite limit of rigid body rotation we have 


3 = (167/15)B, 65. 


a constant. The approximate experimental proportionality of 3 to 6? there- 
fore favors the irrotational picture. However, if equation 64 is used to fit 
the data, one obtains very large nuclear deformations, 


Brot aad (6 + 2) B* charge: 66. 


These deformations at the maximum are in fact unreasonably large. If taken 
seriously, they would require the inclusion of terms of higher than second 
order in 8, and perhaps more complicated shapes than ellipsoidal. Indeed, 
such may be the case. Moszkowski & Townes (125), for example, have sug- 
gested that terms proportional to P,(cos 8) in the nuclear angular shape 
may be important and may account for the predominance of positive quadru- 
pole moments. 

A part of the discrepancy represented by the factor in equation 66 may 
be understood in terms of a neutron distribution larger than the proton dis- 
tribution (126). The mass parameter B is proportional to (r?)mass, and the 
factor of discrepancy in equation 66 should therefore be multiplied by 
(?* \charge/(??)mass- Even if this correction factor is as small as (1.20/1.40)? 
=0.75, a large discrepancy remains. Another explanation for the discrepancy 
has been offered, but not yet treated quantitatively. Teller & Wheeler (127) 
some time ago pointed out the role of symmetry conditions in nuclear rota- 
tion, made important by the finite number of particles. Brueckner (128) has 
recently suggested that analogous arguments may apply to deformed nuclei 
to prevent the occurrence of low-lying rigid body rotations, but to permit a 
semirigid body rotation in which only the displaced mass in the deformation 
participates. Although this is only a qualitative suggestion, it leads to the 
expectation that the moment of inertia might be proportional to @ rather 
than to 8?, since the displaced mass is proportional to the first power of 8. 
We put this idea to the test in Figure 8. According to the collective theory, 
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Fic. 8. Comparison of electric deformations and rotational moments of inertia. 
E is the energy of the first excited state of an even-even nucleus, only those states 
being selected which have the characteristics of rotational states. 8, is the deformation 
of the nucleus determined by the lifetime for E2 y-emission (107). (a) The quantity 
EA®!%g,? is plotted versus N. This should be, according to the simple collective theory, 
a constant equal to 240 Mev. It shows instead a regular variation between a factor of 
discrepancy of about 5 and 7 given by comparing the deformations from the energies 
of rotational states with the deformations from y-emission rates (shown on right hand 
scale). (b) The alternate hypothesis that the deformed “hump” on the nucleus 
rotates rigidly is tested. EA5/*8, is plotted versus N. Horizontal lines are shown for 
AM=aM and (3/2a)M, where AM is defined by the relation: moment of inertia, 
I=AMR’. R is taken to be 1.20X10-%A!/3 cm., and a=8(5/4r)!/*=fractional ex- 
tension of radius along symmetry axis. Although the quantities vary somewhat, the 
order of magnitude of EA5/%8, is correct for a rigid rotation with AM=aM, 


EA®!/*82 should be a constant for all deformed even-even nuclei (where E 
is the energy of the first excited state). Accordingly, we plot this quantity in 
Figure 8a for those nuclei whose deformation 6 has been independently 
evaluated by an £2 transition rate measurement [Sunyar (107], other meas- 
ures (e.g., Coulomb excitation, quadrupole moments) being too inaccurate 
for this purpose. If instead the moment of inertia is linear in 8, the quantity 
EA®!%8 (Fig. 8b) should be constant, corresponding to a semirigid rotation 
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of the mass displaced by the deformation. (The A®/* factor is not expected to 
change, because it arises from the over-all proportionality of moment of inertia 
to MR?.) From the figure it is evident that the latter assumption is at least 
closer to quantitative validity. This deviation of the rotational moment of 
inertia away from a proportionality to 6?, together with the large quantita- 
tive discrepancy, raises a major question of interpretation for nuclear theory. 
For the present discussion, however, we only need to note that it is probably 
necessary to discount the rotational energies as a measure of nuclear defor- 
mation and to accept the electrically-determined deformations, e.g., those 
shown in Figure 4. 

Alpha decay.—The very strong dependence of a-decay rate on the Cou- 
lomb barrier thickness makes a-decay rates and angular distributions (from 
hypothetically aligned nuclei) sensitive to the nuclear deformation [Hill & 
Wheeler (96)]. Certain anomalously high decay rates among the rare earth 
a-emitters may be attributable to large deformations. Also, certain relative 
features of the a-decay fine-structure intensity in the heavy elements have 
been interpreted in terms of strongly deformed nuclei (129, 130, 131).These 
considerations, however, although interesting and important from the view- 
point of nuclear structure, do not lead at present to measures of the magni- 
tude of the deformation. 

Shell theory —The deformation of nuclei is of great significance for nu- 
clear structure and has received much theoretical attention. It is of interest 
to cite recent work which suggests that, in the near vicinity of closed shells, 
nuclei are unusually rigid, and the charge distribution is, therefore, very 
nearly spherically symmetric. The direct electric evidence from quadrupole 
moments favors this idea. The nucleus O’, for example, has an extremely 
small quadrupole moment (102), and, at the other end of the periodic table, 
the nucleus Bi?** has a moment of the same order as a single proton (102). 
Goeppert-Mayer (98) has pointed out that, throughout the periodic table, 
quadrupole moments suggest a varying nuclear deformability which has 
minima near closed shells. 

Indirect evidence for nearly spherical symmetry near closed shells comes 
from the quantitative success of several recent shell model calculations based 
on spherical symmetry: for example the work of Elliott & Flowers (99), 
and of Redlich (132), near sO"; the work of Levinson & Ford (101) near 
290Ca*®; and the work of Pryce (see 100) and of True (133), near g2.Pb?°*. This 
work rounds out the picture of nuclear deformation, since the theories de- 
scribed in part III were applicable principally to nuclei with large deforma- 
tions. 


C. THEORIES OF NUCLEAR CHARGE DISTRIBUTION 


Radial shape.—Early theories of the distribution of charge in spherically 
symmetric nuclei have been given by Feenberg (84) and by Wigner (134), 
and more recent discussions by Swiatecki (135) and by Born & Yang (136). 
These authors were concerned especially with the role of the Coulomb forces 
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in modifying the distribution away from uniform. Feenberg considered as 
well the difference between neutron and proton densities, amounting, for the 
heavy nuclei, to the order of 5 per cent fractionally. Swiatecki considered as 
well the finite thickness of the nuclear surface. Finite surface thickness 
attributable to particles in a well has also been considered by Gottfried & 
Weisskopf (137), and by Brueckner (138). It is interesting to note that the 
empirically-determined surface thickness is of the same order as these simple 
estimates. That is, one finds the charge to be as nearly uniform as is consist- 
ent with the finite wave length of the nucleons in the nucleus. 

It is still undecided experimentally whether there exists an appreciable 
depression of charge density in the center of the nucleus. Evidence so far 
gives instead a uniform distribution in the nuclear interior. The fundamental 
energetic considerations of Feenberg, therefore, imply that the neutron dis- 
tribution should be slightly peaked in the center of the nucleus. A similar 
conclusion has been reached by Born & Yang (136) on quite different 
grounds: that in the absence of Coulomb forces nuclear densities would be 
peaked at the center. 

Not only should the central densities of neutrons and protons be slightly 
different, but their radial extents could also be different. Johnson & Teller 
(126) have suggested that the edge of the nucleus should be neutron-rich. 
Their argument is based on the idea that neutrons and protons see the same 
nuclear potential, but, of course, a different electric potential. Their argument 
would be weakened, but perhaps not invalidated, if a redistribution of 
neucleons is imagined, such that neutrons and protons do not experience 
the same nuclear potential. 

A considerably more eleaborate theory of the radial shape of the nuclear 
charge distribution has been given by Gombas (139). He used a statistical 
treatment with only one adjustable parameter, the strength of the two- 
body interaction, but with several assumptions probably not in accord with 
experimental evidence: the assumption of a pure Majorana force, and of a 
Yukawa radial dependence. Nuclear binding energies and radii were well pre- 
dicted over a wide range of A, but density distributions were peaked at the 
center of the nucleus with gradual tapering to the nuclear surface. In more 
recent work, Gombas has found that indeed the shape of the density distribu- 
tion is somewhat sensitive to the radial dependence of the two-body force 
(140). He finds more nearly uniform distributions in approximate accord with 
experiment for two-body potentials which are finite at the origin (exponential 
and gaussian). 

Angular shape.—The theories of nuclear angular shape have already been 
outlined in section III. The first quantitative treatment of nuclear deforma- 
tion was given in the now classic Bohr-Wheeler (141) paper on nuclear 
fission. The role of deformations in quadrupole moments was pointed out by 
Rainwater (94), and theories of nuclear deformation emphasizing the dy- 
namic aspects of nuclear vibration and rotation have been given by Hill & 
Wheeler (96), and by Bohr and Mottelson (97). The important theoretical 
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conclusions regarding the ground state deformation can be summarized as 
follows. The dominant mode of deformation should be ellipsoidal, and the 
lowest energy configuration should in general have cylindrical symmetry. 
Positive and negative deformations (prolate or oblate) should occur with 
about equal frequency (not borne out by experiment). For some nuclei, an 
approximate energy degeneracy of the oblate and prolate forms can result in 
a shape oscillation and an anomalously small observed quadrupole moment 
in spite of a large intrinsic deformation. There is no doubt experimentally 
that large deformations do occur. The theory of the mechanism for these 
deformations—the “‘pressure’’ of extra nucleons in unfilled shells—has not, 
however, received a direct check, and indeed the quantitative discrepancy 
in the energies of rotational states points to some failure of the theory. The 
mechanism of deformation postulated by the collective model is based on the 
independent particle model. It is to be noted that, even in the absence of an 
independent particle model, tensor forces could produce nuclear deforma- 
tions. With independent particle motion, the tensor forces could, of course 
also produce deformation, with the regular shell structure behavior which is 
observed. These are qualitative remarks only, and magnitudes could be quite 
wrong. Yet the tensor force has a certain ‘‘threshold”’ property which fits 
with the rapid change of nuclear deformation sometimes observed. For a 
nucleus held in a spherical configuration by central forces, the tensor force 
averages to zero, but for a strongly deformed nucleus, the contribution of 
the tensor forces to the total binding might be quite appreciable. Thus the 
theory of nuclear deformation is still in an uncertain state, and experimental 
studies of the angular shape of the charge distribution remain, therefore, of 
fundamental interest. 
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NUCLEAR RADIATION SHIELDING! 


By E. P. Biizarp 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 


PREFACE 


The building of nuclear radiation shields is a necessary part of preparing 
for most nuclear research. With the present emphasis on reactors and high- 
yield accelerators the shields are both thicker and more efficient by far than 
was the case fifteen years ago. Also, we are now much more conscious of the 
the dangers of radiation exposure and consequently take much greater pains 
to avoid them. 

In spite of improved design, these larger shields are inevitably more 
expensive; they require greater space in buildings, which are themselves 
expensive; and they are inconvenient, for apparatus must be made to extend 
further between radiated and shielded locations. In addition, there are 
military applications for which the reactor and its shield must be mobile, 
light, and small. For these there is a strong incentive to develop the very 
best shield designs. 

The changes are strongly noticeable throughout the laboratories of the 
world. The old shield walls of five-gallon water cans are nearly all gone. 
No longer is it possible to enter radiation areas without express permission 
of an operator. Shields are carefully checked for leaks or other inadequacies. 
There are federal regulations on permissible radiation levels outside radio- 
active materials as they are mailed or shipped. The philosophy that the shield 
is a simple adjunct which can be added nearly as an afterthought, and that 
it is cheaper to add another foot or two of concrete than to eliminate the need 
by careful design, is extant no longer. Instead, at least four handbooks and 
two textbooks are being written on the subject, and the material which is to 
fill these publications is much sought-after and largely heeded in modern 
design. 

The present paper is in no sense designed to be a handbook but it is a 
report on the fundamental work which has been of most use in preparing the 
handbooks. The large body of work which has been done on the subject of 
radiation attenuation cannot possibly be described in a single review article, 
so only that which has been of use in the presently accepted shield design 
methodology will be treated and emphasis will be given to reactors, which 
present the greatest problem. Since no new physical phenomena are involved, 
interest in shielding lies in the end result. However, some of the work which 
must be done in the course of shielding research, such as the development of 
sensitive and special detectors and the invention of new mathematical 
techniques, will surely be more generally applicable. For example, methods of 


1 The survey of literature pertaining to this review was completed in March, 1955. 
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calculating attenuation of y-rays and neutrons may apply to cosmic ray 
shower theory and vice versa. 

The scope of the present treatment will include descriptions of the im- 
portant radiation sources and of the individual attenuation processes. Fol- 
lowing these are the calculations of attenuation in simple homogeneous 
shields as well as other problems in shield design, such as penetration after 
slant incidence, scattering, and the effects of voidsin shields. Following this 
come some special methods for translating shield experiments into designs. 
Lastly, experiments and actual shield designs will be described briefly. 


INTRODUCTION 


Many modern shields, especially reactor shields, are required to attenu- 
ate by from 8 to 12 factors of ten. This fact alone sets the problem apart from 
most, for it means that the neutron or photon which penetrates the shield 
is extremely unusual. The average behavior of radiation may well be of 
little or no interest, for processes which are relatively uncommon may be 
just those for which the attenuation is least and the process may therefore 
dominate in penetration. An example of this lies in the prompt fission neu- 
trons in a reactor. Most of these neutrons are born at about 1 Mev energy, 
and of course the behavior of the majority determines reactor criticality. 
On the other hand, most neutrons that escape from reactor shields are pro- 
duced at energies in excess of about 7 Mev in spite of the fact that these 
constitute no more than about 2 per cent of all prompt neutrons. This fact 
comes about, of course, because of the general trend to lower cross sections 
with increased neutron energy. 

The exact solution of the shielding problem is at present beyond the 
capabilities of even our best machines, except for the simplest cases. Approxi- 
mate solutions based on semi-quantitative analysis, however, have been 
found for most problems. Analytic methods are required for calculation of 
most of the real situations, and they must be foreshortened for expedience. 
This is done by carefully examining the sources of radiation and the attenua- 
tion processes to determine which are most likely to be involved in the radia- 
tion which penetrates the shield. In addition to the more obvious mechanisms 
for shield penetration, there are special situations which arise from unusual 
designs. For example, a circulating fuel reactor will have delayed neutrons 
released in a heat exchanger and perhaps thereby activate a secondary cool- 
ant. If this is not taken account of in the design, the primary shield may well 
be nearly superfluous. For these reasons the first part of any design process 
consists of a careful examination of the radiation sources. 


THE SOURCES OF RADIATION 


Since they are by far the most penetrating forms of radiations, only 
neutrons and y-rays or x-rays are considered. The energy distribution is, 
of course, very important. 

Prompt fission neutrons.—In the fission of U**® approximately 2.5 fast 
neutrons are released. For other fissionable isotopes the number varies 
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somewhat. The U*> thermal fission neutrons are distributed in energy ac- 
cording to an empirical formula suggested by Watt (1, 2): 


2 ates 
N(E) = Pp sinh /2E e* 1. 
me 


where N(EZ) =number of neutrons per energy interval, Mev—, at energy E, 
Mev, per neutron produced, e=Naperian logarithm base, E=neutron 
energy, Mev. 

The expression is not exact but appears to be accurate to about +10 
per cent throughout the measured region from 0.075 to 17 Mev (1 to 5). 

Delayed neutrons.—Delayed neutrons are not of importance in compari- 
son with prompt neutrons except for those cases in which the reactor fuel is 
circulated out of the primary shield. They are released from certain fission 
products, each component being monoenergetic with a given radioactive 
half life. Hughes’ collection of data (6, 7) is given in Table I. 


] TABLE I 


DELAYED NEUTRONS 








Absolute Yields per 104 Neutrons Emitted 














Half Life, Energy, (prompt and delayed) 
sec. kev 

23 U233 Pu2%9 

55.6 250 2.5 1.8 1.4 
22.0 570 16.6 5.8 10.5 
4.51 412 21.3 8.6 12.6 

1.32 670 24.1 6.2 

0.43 400 8.5 1.8 11.9 
Total 73.0 24.2 36.4 





Prompt fission y-rays.—In the fission of U** prompt y-rays are given 
off, some of which are quite energetic. These have been measured by Gamble 
(8, 9) to be distributed according to the following empirical formula: 


N(E) = 8.2e-# 2. 


where N(Z£)=number of photons per energy interval, Mev, at energy E, 
Mev, per fission; E=energy of photon, Mev. 

The expression above varies by as much as 30 per cent in places from the 
actual data. Gamble also reports the following interesting integrals which are 
obtained from his experimental data: 


8 Mev 
f N(E) dE= 7.59 photons/fission 
0.2 





8 Mev 
f EN(E)dE = 7.49 Mev/fission 
0.2 
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Fission product y-rays.—The fission products are in many shielding prob- 
lems the dominant source of y-rays, although they are overshadowed as a 
source in a reactor core during operation because of their low energy. The 
most energetic common fission product y-ray is from Rb**, which emits a 
2.8 Mev photon. The most successful fit to the fission product y-emission 
data is that formulated by Way & Wigner (10): 


T(t) = 1.26 ¢-}3, 10 < ¢ < 10? sec. 3. 


where I'(t) =y-ray energy emission rate, Mev/sec., after one fission; t= time 
after fission, sec. 

Two treatises are available which give the emission spectra as functions 
of reactor operation history for the total agglomeration of fission products. 
Moteff (11) has classed 24 nuclides according to energy and calculated the 
spectra, and Clark (12) has treated some 40 nuclides similarly except that 
he permitted each to retain its identity in the results of his calculation. 

Secondary radiation sources.—On interaction with matter, neutrons cause 
secondary y-rays to be emitted. These are either capture y-rays or inelastic 
scattering y-rays. Of the two, the former are generally the more important. 

Capture y-rays: A discussion of the neutrons capture process (96) and 
the concomitant release of capture y-rays is out of place in this paper, except 
for a discussion of their importance in shielding. For this purpose, nuclides 
are classed according to the energy distribution and yield of their capture 
y-rays as follows: 


Class_ I: Following capture, the compound nucleus emits all or most of 
its excitation energy in a single transition, giving a predomi- 
nant single hard y-ray of energy equal or nearly equal to the 
neutron binding energy. 

Class II: Several photons are given off per capture with the energy dis- 
tributed between them so that the spectrum appears to cover 
the whole energy range up to the binding energy. 

Class III: A charged particle is given off following capture, so that the 
capture ‘y-rays are weak or nonexistent. 


In the first class there are many light elements, except that three light 
nuclides fall in the third class. In addition, the magic nuclei are in the first 
class, and, effectively, aluminum, iron, nickel, manganese, and copper fall 
into this category, although they do have multiple-photon emissions. 

In the second class fall the more complicated heavy nuclei, although such 
intermediate elements as sodium, magnesium, silicon, phosphorus, sulphur, 
chlorine, potassium, and calcium are members. 

The third class has two bona fide members, Li® and B!°. The former ex- 
hibits no capture y-ray, and the latter only gives a single photon of 0.478 
Mev in 93 per cent of the disintegrations (13). It is of interest to note, from 
a shielding point of view, that both these nuclides have large capture cross 
sections, which makes them useful for capture y-ray suppressors, and they 
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are often added to shields just for this purpose. The third member of this class 
is N!4, which gives a proton and no capture y-ray in 94 per cent of the cap- 
tures. In other cases, it gives a total of 10.8 Mevin one, two, or more photons. 
Its capture cross section is low (1.7 barns) by comparison with lithium and 
boron. These properties mitigate the utility of nitrogen as a capture y-ray 
suppressor, although in some special cases it may be useful in this respect. 

Inelastic scattering y-rays: Another important secondary source of y- 
rays is the inelastic scattering of neutrons. This process is most important 
with heavy nuclei, for which the cross sections are high (~3 barns) and the 
thresholds for neutron energy are low (~200 kev for tungsten). Not enough 
experimental evidence is yet available to say with certainty just how these 
y-rays are distributed in energy, but in general they would be expected to 
follow the same trend as the capture y-rays. That is, the heavier nuclei will 
be expected to give more but softer photons than the lighter ones. 


INTERACTION PROCESSES 


-rays.—It has been pointed out by Fano (14 to 16) and by Goldstein & 
Wilkins (17) that there are no less than 12 types of interaction of y-rays 
with matter. Fortunately, only three of these need be studied in connection 
with shielding problems. The photoelectric effect dominates for low energy 
photons and high atomic number materials (ES0.15 Mev for Z=29; 
E=0.5 Mev for Z=82). Pair production is the dominant effect for high 
energy photons and high atomic number materials (Z >80, 15, or 5 Mev for 
Z=1, 13, or 82, respectively). In the intermediate energy regions the Comp- 
ton process is most important. Two excellent tabulations have been made of 
y-ray cross sections by White (18) and by Davisson & Evans (19). 

While a detailed discussion of the y-ray interaction processes is left to the 
references, it is perhaps pertinent to mention the relative advantages from a 
shielding point of view of different materials. The cross sections per atom 
vary with atomic number for photoelectric, Compton, and pair-production 
processes, approximately as Z5, Z, and Z(Z+1), respectively. This means 
that on a weight basis the highest elements in the periodic table are best, 
but in the energy region in which the Compton process dominates, there is 
essentially no difference. An exception is hydrogen, for which Z/A=1, 
whereas for all other elements Z/A S$}. For low-energy y-rays (EZ0.1 Mev) 
the weight advantage is very strong for high Z materials; for high energy 
(E>5 Mev) the advantage is definite but not so strong. 

Neutrons.—The detailed cross section information which is needed for 
the calculation of neutron attenuation is not available. Nevertheless this pat 
excuse for lack of progress in neutron calculations is losing much of its original 
force. On one hand, our totality of cross section information obviously is 
increasing, and new techniques are being used for measurement in the energy 
region from 6 to 10 Mev (20), a most pertinent region which was barren for 
a long time. Also measurements of differential cross sections are beginning 
to appear (21 to 23). On the other hand, progress is being made in developing 
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the nuclear rationale on the basis of which predictions of differential cross 
sections are made. In addition to the many texts in the general field of nu- 
clear physics, there has been a project at Nuclear Development Associates, 
Inc., under United States Atomic Energy Commission contract, for the 
collection, interpretation, and evaluation of fast-neutron experimental data 
in order to enable the prediction of cross sections in the region of interest for 
shielding (24). Unfortunately much of this work has been rendered obsolete 
by the newer ‘‘clouded crystal ball model’’ (25), but the latter will soon be 
applied to cross sections of interest in shielding. 

An example of the filling in of experimental gaps by application of the 
theory is evident in the work of Goldstein (26) in deriving a complete picture 
of the oxygen cross section which he made preparatory to calculations of 
neutron penetrations in water (27). 

As is implied above, it has been demonstrated that with fission sources 
the neutrons which penetrate thick shields have initial energies of the order 
of 8 Mev. This means that the cross section at this energy has particular 
significance. On this hypothesis, Welton & Albert (28) have shown that it 
is possible, using a single parameter, to describe the additional attenuation, 
introduced by lead and iron when slabs of these materials are added to a 
water shield. This parameter they called the ‘‘effective removal cross sec- 
tion.’’ Subsequently many such cross sections have been measured at Oak 
Ridge National Laboratory, and a more definite definition has been given 
(29). A recent collection of removal cross section data by Chapman & Storrs 


(30) shows the close correspondence between the removal cross section and 
the total cross section for 8-Mev neutrons (Fig. 1). Roughly, it is found 
that the removal cross section, Orem, is about three-quarters of the total cross 
section: 


Orem = 3/40 total, 8 Mev 4. 


While this removal cross section applies well to slabs of material placed close 
to the source and followed by a thick (~120 cm.) water (or other hydrog- 
enous) shield, other configurations are more common, e.g., those cases in 
which the material is distributed uniformly throughout the shield. While 
it is true that in general the cross section which applies in this case is about 
nine-tenths of that previously described, the situation is more complicated, 
and discussion is reserved for a later section. 


THE ATTENUATION OF y-RAyYS 


Fundamental to all shielding problems is the calculation of the attenua- 
tion of radiation (neutrons or y-rays) from a point isotropic or other simple 
source in an infinite homogeneous medium. This is of course only a start on 
the problem, for shields and their reactors are seldom homogeneous and never 
infinite. The effects of laminations, of boundaries, and of holes in the shield 
will remain after the simpler problem is solved. 

The basic attenuation problem.—Given the attenuation coefficients it is a 
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simple matter to calculate the unscattered photon flux. Thus, for a point 
isotropic source in an infinite homogeneous medium, the uncollided photon 


number flux is: 
S HR 
No = + ie 5. 
4 R? 
where S=source strength, photons per unit time; R=distance from source; 
u=total linear absorption coefficient for y-rays of the source energy in the 
medium. 
It is because of those collisions in which photons are scattered and not ab- 
sorbed that the usual calculation of y-ray penetration is complicated. The 
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Fic. 1. Empirical mass attenuation coefficients for fast neutrons and comparable 
total coefficients for 8 Mev neutrons. (Total cross sections from Los Alamos Scientific 
Report, LA-1655, ‘Survey of Average Neutron Total Cross Sections from 3 to 13 
Mev,” by N. G. Nereson, S. Darden, E. Fryer, E. T. Jurney, O. Merrill, and M. M. 
Thorpe.) 
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totality of the complication is encompassed by the so-called buildup factor, 
which is the ratio of the actual intensity to that attributable solely to un- 
collided photons. Thus the photon number flux buildup factor is defined by 
the following equation: 

N(R) = B(R)N%(R) 6. 


where N is the actual photon number flux for collided as well as uncollided 
photons. 

It is common to define buildup factors for any of a number of measurable 
intensities, such as the energy flux, which is the product of the photon flux 
and photon energy integrated over all energies: 


I(R) = Be(R)I(R) 7. 
where 
1°(R) = EyN(R), 8. 
E<E, 
I(R) = f EN(R, E)dE + E.N(R), 9. 
0 


Eo =source energy per photon, assuming monoenergetic source; E =ener- 
gy per photon of scattered radiation. 

The dose, for which it is most common to calculate buildup factors, is 
the integral over all energies of the product of photon flux and energy and 
the energy absorption coefficient for air (or for tissue, which is about the 
same). This latter factor is the ‘‘poor geometry” attenuation coefficient and is 
variously defined, depending on the assumptions concerning secondary 
photons. The most common assumptions are that photoelectric and pair- 
production processes are genuine absorptions, i.e., that the fluorescent and 
annihilation radiations are absorbed almost at once and that the Compton- 
scattered photons are not. In this case the energy-absorption coefficient for 
source energy Ep is: 





d Eo, -—E 
pili « wid + walla + f *) o—* a0 10. 
4x dQ Compton Eo 


where (du/dQ)compton is the differential Compton cross-section per unit solid 
angle for scattering a photon of energy Epo into a direction for which the 
scattered energy is E. The current practice is to define dose in terms of the 
rad, which is the amount of radiation which will deposit 100 ergs per gm. of 
material. There is no simple relationship between the dose as usually calcu- 
lated for energy deposition in air and that for other materials. No great error 
is to be expected, however, in using air dose for tissue dose, since in both 
materials the Compton process dominates so that the energy depositions per 
gram will be about the same. 

The calculation of buildup factors has been accomplished by approxima- 
tions which yield extremely good results. The problem was first assayed by a 
number of different persons working independently, each group more or less 
unaware of the other’s work. Perhaps the most notable feature of these early 
efforts is the ‘‘straight-ahead”’ approximation. In this, Compton scatterings 
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are assumed to degrade photons approximately correctly, but the angular 
deviation is ignored. This of course leads to an upper limit to penetration. 
The first such calculation was made by Grueling (31; see also 32). In addition 
to the ‘‘straight-ahead’”’ assumption the Klein-Nishina formula for scattering 
cross section is replaced by a simpler function which allows separation of the 
pre- and postscattering energy variables. Grueling’s choice for this latter 
approximation fits the slope and magnitude of the actual expression at the 
source energy. Others (33 to 37) have suggested different approximations 
which have met with varying degrees of success. These analytic approaches 
have by now been superseded in importance, particularly by the Spencer- 
Fano moments method (38, 39), their main contribution being the introduc- 
tion of the linear approximation to the buildup factor, B(R)=1+ AR where 
A is a factor of the order of unity. The approximation has since been shown 
to be crudely correct only for media which are primarily Compton scatterers, 
which is to say that it applies best to photon energies below the minimum in 
the total attenuation coefficient. This is, of course, not surprising since it is 
for this situation that the derivation was tailored. 

The Spencer-Fano ‘“‘moments”’ method (38, 39) of calculation of y-ray 
attenuation, exploited so thoroughly by the groups at Nuclear Development 
Associates (17, 40) and the Bureau of Standards, has been by far the most 
prolific producer of attenuation data. This method therefore deserves a full 
description here. Unfortunately its complexity precludes this, but Goldstein 
& Wilkins (17) give a lucid and complete delineation of the method as 
well as most of the results. 

The calculations are aimed at a calculation of the energy flux as a func- 
tion of distance in an infinite homogeneous medium for certain simple sources 
or source distributions. Emphasis is put on accuracy at appreciable distances 
from the source, that is, from several to 20 mean free paths. The function 
which is of calculational interest is the angular energy flux, 


I(r, &, E) = EN(r, & E) 11. 


where N(7, 2, E)dQdEdtdS is the number of photons of energy between E 
=~ 
and E+dE, in solid angle dQ about the direction Q, passing in time dt through 


an element of surface dS located at ? and perpendicular to g. 

It is more convenient to use wavelength, A, than energy and to describe 
the direction in terms of the cosine, w, of the angle between photon direction 
and radius vector from the source. For the plane isotropic source, the trans- 
port equation is 





r 
See 4. spate 2,0 
dx 
r a = 
‘s f I(x, 0", yk’, ») LE = COSY) sovan’ + S(,w)8(x) 12. 
0 4r Tv 


where x=distance from source plane; k(A’, A) = Klein-Nishina formula for 
Compton scattering; ~=angle between Q’ and Q (angle of scattering); 
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S(A, w)=source strength, photons per unit time per unit area of source 
plane. Of the two delta functions the first insures that the Compton relation 
between scattering angle and energy degradation is satisfied and the second 
insures that all the sources are in the plane x =0. 

The solution of this transport equation in a useful approximation has been 
adapted for use with the faster computing machines, and the SEAC at the 
Bureau of Standards was chosen for the work. The problem had to be re- 
duced to manageable proportions and this was accomplished logically enough 
by concentrating the information to be obtained in the interesting spatial, 
angular, and energy regions. The angular energy flux is expanded first as a 
Legendre polynomial series: 


I(x, r, w) = > =i Ii(x, d) Pi(w) 13. 


las0 
where 


1 
Ii(x,) = 2x f I(x, d, 2)Pi(w)deo 14, 
-1 


The zeroth moment, Jo, is the energy flux, and J; is the energy current den- 
sity. If the transport equation (equation 12), is multiplied by P;(w) and an 
integration is carried out over all solid angles, a series of integro-differential 
equations is obtained which are satisfied by the coefficients Z;. Next it is 
noted that from a recursion formula for the Legendre polynomials it is possi- 
ble to express wJ; in terms of J}, and J;_;, thus yielding a sequence of integro- 
differential equations in which the original direction variable w does not 
appear. 

The derivative in the transport equation is now eliminated by the intro- 
duction of spatial moments, 


bui(A) = Ho 


n+l x 
f Ti(x, \)x"dx 15. 
Nt! J» 


Thus multiplication of the equations which J; satisfies by x” and integration 
over all space yields, provided J; satisfies certain convergence requirements, 
what Goldstein & Wilkins (17) describe as a ‘‘doubly indexed sequence of 
linear integral equations of Volterra type.”’ Certain other simplifications are 
adopted, such as assuming monoenergetic sources and removing the delta 
function by transforming to spatial moments for the scattered flux alone. The 
integral equations are then solved for a chosen set of the moments. The desid- 
eratum is Jo(x, A), and this is obtained to good approximation from the]=0 
spatial moments up to about = 10. The total necessary number of moments 
varies with the source geometry. It is necessary, in order to obtain a given 
moment bn;, to first obtain Dn_y, 41 and dp_y, 4. (The requirement is void 
when a negative index is indicated.) It is fortunate that in the case of the 
plane isotropic source about half the moments are identically zero owing to 
symmetry. 

The reconstruction of the energy flux Jo(x, 4) from the calculated mo- 
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ments must be carefully carried out, since for less than the complete set of 
moments the flux solution is not unique. Accordingly, the flux is expanded 
about a known function which is a reasonable approximation to the desired 
solution. For this function it is simplest to use the unscattered flux. Thus the 
total energy flux is equated to the product of the unscattered flux and a 
linear combination of appropriately chosen polynomials. Some polynomials 
which are well-suited for the expansion have been given by Spencer & Fano 
(38), and the appropriate coefficients are linear combinations of the spatial 
moments. The results of the work include dose buildup factors and energy 
spectra for the gamut of elements and photon source energies from 0.5 to 
10 Mev. They have been compared with several experiments (41 to 45) 
and are found to agree extremely well. 

A brief description of the results of Goldstein & Wilkins’ calculations 
(17) is probably in order. For the lowest energy calculated, 0.5 Mev., the 
linear buildup factor is a fair approximation for an atomic number Z of be- 
tween 30 and 40. For lower Z, the buildups are much higher, and for higher 
Z, much lower, as is to be expected on account of the strong Z-dependence 
of the photoelectric effect. 

At 1 Mev, the linear buildup applies for elements with Z about 45 with 
the same, though not so drastic, changes with Z. At 2 Mev the linear buildup 
approximation is good only for large attenuations and Z~45, and the 
photoelectric depression of buildup with increasing Z is much less evident, 
being strong only above about 40. At 4 Mev, in the low Z-region the trend is 
reversed (at large attenuations the buildup is maximum for Z~60) because 
of the overriding importance of the variation of the Compton cross section 
slope in energy dependence. At 6 and 8 Mev there is a stronger maximum in 
the buildup factor at Z ~70 for large attenuations. For Z’s greater than this 
the pair production cross section accounts for the lower buildup factor. 

Taylor (46) has shown that it is possible to reproduce the buildup factor 
calculations of Goldstein & Wilkins (17) using a function which is the sum 
of two simple exponentials with three adjustable parameters which he has 
calculated to fit the original work. This is not merely interesting for the 
brevity of presentation it affords. The exponential form also makes integra- 
tions over sources which are distributed in space amenable to analytic attack. 

Although the calculating machines were used to obtain the foregoing 
results, it has been possible to obtain some analytic expressions (47, 48, 49, 
50) for the asymptotic trend in attenuation at very great penetrations. In 
general, the laws derived are the same as those of the “straight-ahead”’ 
approximation. It is also reassuring that for the case of lead the moment 
method and Spencer’s semi-asymptotic calculation (48) for large attenuations 
“‘meet’’ with the same result. 

An independent method for calculating y-ray attenuation has been used 
by Peebles (50). In this work photons are classified according to the number 
of scatterings they have experienced, and the transport equation is solved 
successively for each component. The work would of course be prohibitive 
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if many scatterings were permitted and unreliable if too few were encom- 
passed. The artifice by which this dilemma is circumvented is the division 
of the medium into many slabs, thin enough so that no more than three 
scatterings are likely, using the transmitted photons from one slab as the 
source for the next. The results of this method agree well with those from 
the moment method. It has not, however, enjoyed the wide acceptance of 
the latter, probably because the demonstration of its adequacy and reliability 
is somewhat more difficult. It does have the advantage, however, that angu- 
lar distributions of photons are available from the results, and many useful 
calculations are presented for angles of incidence on the slab shield other 
than the normal. 

Another technique for attenuation calculations is the stochastic, or Monte 
Carlo method (51, 52, 53). In this method, the histories of many particles 
(photons) are calculated, using the known cross sections and energy degrada- 
tion laws. The probabilities for various events in the history (e.g., scattering 
through any angle, absorption, etc.) are known from the physical laws; 
particular events are chosen from equivalent possibilities in a random 
fashion so that if sufficient samples are taken the aggregate probability of 
shield penetration will be indicated by the fraction of histories in which 
penetration is the result. Since in most shields penetration is the rare excep- 
tion, it is necessary to adjust the method so that the effort is concentrated on 
successful histories. If this is not done, either the work is prohibitive or the 
small penetration is not a reliable index of shield performance. To this end. 
photons are weighted according to their chance of penetration, and the calcu- 
lations are concentrated on the most important histories. Unfortunately it is 
difficult to insure that the result is characteristic of the problem and not the 
chosen weighting function. The contribution of the method to the solution 
of the large attenuation problem has been essentially nil. On the other hand, 
it is extremely promising for special problems in which the geometry is com- 
plicated and the attenuation not great, e.g., for attenuations <10*. In this 
field it stands alone and promises to become more useful with current de- 
velopment. A significant success for the method is demonstrated in the recent 
work of Zerby (52) on the problem of attenuation of slant-incident y-rays in 
two-region slab shields. The calculations agree very well with experiments 
by Kirn, Kennedy & Wyckoff (54), as well as Clifford et al. (55). The superi- 
ority of the Monte Carlo method for special problems is attested by the fact 
that Zerby’s results include energy and directional distributions of the pene- 
trating radiation. 

An analytic calculation of the angular distribution of photons in a shield 
has not been carried out in many cases, but Spencer & Stinson (56) have 
calculated this quantity for Co®°-radiation in water. The moments method 
discussed above was applied, but more general polynomials were used which 
are solutions of third-order differential equations. The weighting function, 
instead of being the uncollided flux, is (uor)! exp (—or), where the power / 
is the previously mentioned Legendre index. Some experiments have been 
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performed at Oak Ridge National Laboratory (57) which seem to confirm 
the calculations. In addition, Certaine (58) has calculated the angular dis- 
tribution of photons arising from plane isotropic and plane monodirectional 
sources. He has avoided the difficulty of slow convergence which the moments 
method exhibits for this calculation (attributable, for example, to a 6-function 
discontinuity in the angle w in the first-scattered beam) by calculating first- 
and second-scattered photons separately. The analytic forms from the mo- 
ment method for these components are then subtracted off, being replaced 
by the exact calculations. The calculations so performed are reported for 
several source energies and media and for penetrations up to 10 mean free 
paths. 

Special y-ray attenuation problems.—In practice the ideal conditions as- 
sumed in the foregoing discussion are seldom realized. As a consequence, 
various schemes are devised to obtain from the basic solutions reasonable 
estimates for the more difficult problems. 

One complication is that the shield is always finite, and the solution is 
usually required in the region of the outer boundary. The effect of this termi- 
nation is to remove the back-scattered radiation. Since this is seen intuitively 
to be low in number and energy, in view of the nature of the Compton scatter- 
ing process, no correction is made with y-rays for this effect. Measurements 
of y-ray dose (59) in the region of the boundary of a water shield confirm 
this tenet. For materials of higher Z the effect would be even less. 

Shields are not always made of a single element. The calculational meth- 
ods such as the moments method can of course be applied to a homogeneous 
mixture of elements with cross sections from appropriately weighted contri- 
butions of the constituent elements. However, Goldstein & Wilkins (17) 
offer a convenient substitute method. They propose that the cross section of 
the mixture be approximated by that of some intermediate element for which 
the buildup factors are already calculated. It is demonstrated that for 2- 
Mev photons a 50 per cent by weight mixture of lead and water is well ap- 
proximated by the element gadolinium for which Z =64. A moments method 
calculation for the mixture agrees to within a few per cent with the buildup for 
gadolinium up to 15 mean free paths. 

If the shield is made up of successive layers of different materials the 
calculations by the moments method do not apply. Peebles’ methed (51) 
or a Monte Carlo method (52, 53) would, however, not be hampered by this 
feature, although no compilation of buildup factors for these cases is at 
hand or contemplated. (It would fill many handbooks.) The angular distri- 
butions of photons as calculated by Certaine (58) could be used to solve the 
problem of multilayered shields, since each region could be separately calcu- 
lated, the leakage from one region serving as the source for the next. However, 
the complexity of the calculation is so great that such an effort is not 
warranted. Instead, rather simple rules of thumb are suggested. 

For the case in which the last region is a fairly thick one (at least several 
mean free paths) it is reasonable to assume that the buildup is characteristic 
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of the material in the last layer and of the thickness in mean free paths of 
the whole shield. The defense of this assumption lies in the fact that, except 
for the case of quite low source energies, the harder scattered radiation is not 
greatly different in intensity relative to the unscattered component regardless 
of the atomic number of the medium. For this reason the harder built-up flux 
would be expected to be characteristic of the total shield attenuation. On 
the other hand, the softer built-up radiation is generated in rather a short 
distance, so that this, in which different Z materials differ the most, would be 
characteristic of the last layer. 


THE ATTENUATION OF NEUTRONS 


Until quite recently there was no counterpart for neutron attenuation 
calculations to the neat treatment of y-rays by the Spencer-Fano moments 
method or any of its competitors. The reason for this lies largely in the un- 
certainties regarding cross sections which are only now beginning to clear. 
With the courage that stems from frustration, estimates in lieu of measure- 
ments are now being made (26) of the most likely differential cross sections 
for some elements found commonly in shields, and with these the moments 
method is now being applied to neutron attenuation calculations. 

The basic attenuation problem.—As in the case of y-rays, the fundamental 
calculation is for a point isotropic or other simple monoenergetic source in 
an infinite homogeneous medium. Again the physical dose is the quantity 
to be calculated, this being the energy deposited per unit weight of tissue. 
In the case of y-rays the dose was rather closely related to the energy flux, 
that is, the convolution in energy and direction of photon flux and photon 
energy. The reason for this is that while the attenuation coefficient decreases 
with increasing energy, the average energy deposited per interaction increases 
strongly with photon energy so that the rate of energy deposition, or physical 
dose, closely corresponds to the energy flux. In the case of neutrons in tissue, 
the prime mechanism for absorption of energy is by elastic collision with 
protons. In the pertinent energy range of 2 to 10 Mev the cross section de- 
creases nearly inversely with energy, whereas the average energy loss in- 
creases linearly with neutron energy. The result is that, unlike the y-ray 
case, the neutron dose is roughly proportional to the number flux. 

In the case of y-rays the first attempts at analytic treatment of attenua- 
tion made use of the straight-ahead approximation, in which the energy 
degradation on interaction is treated correctly but angular deviation is ig- 
nored. For the case of attenuation of neutrons in hydrogen the same treat- 
ment has been applied, the justification being much the same as in the y-ray 
case, namely that the significantly deviated neutrons are appreciably lower 
in energy and hence contribute little to the total transmission. Wigner (60, 
61) has used this approximation to make an overestimate of the transmitted 
neutrons in a hydrogen shield. Young (62) has collected and compared much 
of this early work, demonstrating the feasibility of obtaining analytic solu- 
tions for specific assumptions regarding energy dependence of the hydrogen 
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cross section. Welton & Goertzel (63) have made some additional observa- 
tions for the extension in which an isotropic scatterer is added to straight- 
ahead-scattering hydrogen, obtaining a form for the asymptotic distribution 
in energy as a function of distance. The straight-ahead approximation has 
been improved upon by Wick (64) who has derived expressions for the asymp- 
totic form of attenuation, allowing some angular deviation of the neutrons. 
Welton (65, 66, 67) has extended this work and compared his results with 
experiments. This latter comparison, however, is somewhat clouded by the 
fact that Welton has used for his source a collimated plane distribution, 
whereas the experiments have been made with isotropic plane sources. 
Another rather more complete treatment by Holte (68, 69) has also shown 
the power of the Laplace and Fourier transform methods, comparing favor- 
ably with earlier experimental work. Tait & Biram (70) have calculated the 
neutron spectrum in a hydrogenous medium for the case of 1/v cross sections. 
They used the first two spherical harmonics and show this to give a reason- 
ably accurate description of the spectrum. 

Some of the early work on analysis of neutron attenuation by means of 
expansion in terms of the more familiar functions was carried out by Murray 
(71, 72, 73). He used the continuum theory for calculation of differential- 
scattering cross sections (74) and on the basis of this work was able to check 
by calculation a number of effective removal cross sections which had been 
measured at Oak Ridge National Laboratory (75). 

The program of neutron attenuation computation at the Nuclear De- 
velopment Associates, Inc. (NDA) (76, 77, 78), makes use of the Spencer- 
Fano moments method, with appropriate tailoring for the different cross 
sections. The first calculations were carried out on the SEAC, the computing 
machine at the National Bureau of Standards; later work was and will be 
calculated on the UNIVAC at New York University. 

The first calculation (79) was for hydrogen, for which, of course, the cross 
section was well known. Aronson, in reporting the work, makes several 
interesting observations and comparisons. He verifies that the ~8-Mev 
neutrons in the fission spectrum are responsible for the penetrations to about 
120 cm. (water equivalent hydrogen density), as is evident from the similar- 
ity in slopes in that region for a fission source and for an 8-Mev monoenergetic 
source. Comparison with a straight-ahead analytical calculation shows the 
latter to be only a slight overestimate. The comparison with Welton’s (65) 
calculation was rather difficult because of the differences in hypotheses, but 
the two methods did not appear incontrovertibly to disagree, although the 
Welton buildup factors do seem to be lower at large penetrations. 

The same method was used by Certaine & Aronson (80) of NDA to calcu- 
late the distribution of epithermal neutrons in water from a point isotropic 
fission source. The Goldstein oxygen data (26) and the Watt fission spectrum 
(1) were used. For this calculation direct comparison with experiment was 
possible since the work of Hill, Roberts, & Fitch (81, 82) was directly com- 
parable. In so far as shielding theory is considered, the agreement is excellent. 
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It is interesting to note, however, that the neutron age, or one-sixth of the 
second spatial moment, was calculated to be 26 cm.?, whereas the experi- 
ment gave 31 cm.?. This discrepancy has been found before in other calcula- 
tions (83) and implies that another experiment is in order. A calculation 
for 2.25-Mev neutrons by Volkin (84) gives 31.6 cm.*, but that energy, while 
a mean for the fission spectrum, is not necessarily properly representative 
thereof for a calculation of the second spatial moment. 

Of more direct interest to shielding are the subsequent calculations of 
penetration in water of monoenergetic (27) and fission (85) neutron sources. 
The calculations were carried out to 120 cm., which thickness is of considera- 
ble importance for many applications. The internal consistency and the agree- 
ment with measurements of Caswell (86) are impressive. For the low-energy 
end of the spectra an analytic treatment is used, and the spatial variation for 
these neutrons is taken to be that of the fast-neutron dose. For this analytical 
treatment, the calculation of energy variation amounts to that for the slow- 
ing down with a uniform distribution of sources, and this has a convenient 
analytic form because of the simplicity of the hydrogen slowing down, which 
of course predominates. The calculations again confirm the fact that the 
neutrons of about 8-Mev initial energy account for penetrations to 120 cm. 

The removal cross section.—It has been observed (28) that the effect of 
insertion of thin slabs of materials into a water shield can be described in 
terms of a simple exponential attenuation factor. The material must be in- 
serted near the source, and the thickness of water between source and de- 
tector must be greater than about 100 cm., 140 cm. being the usual distance 
chosen. Attenuation which is exactly exponential is characteristic of absorp- 
tion processes alone. Of course in the case of fast neutrons other effects pre- 
dominate, yet with a large thickness of water to filter out degraded or de- 
flected neutrons a large fraction of the interactions are tantamount to absorp- 
tion. These include all the inelastic scatterings and about half of the elastic 
scatterings. The equivalent absorption cross section which describes the ef- 
fect of the inserted slab of material is called the effective removal cross sec- 
tion. It of course depends to some extent on the nature of the detector, the 
source (although a fission source is usually assumed, the concept has been 
developed independently and used by Moyer (87) for cyclotron shields), the 
thicknesses of water and sample, and the location of the latter within the 
shield. Fortunately it has been shown to be relatively independent of these 
factors within the limits described above, but an exact definition (29) has 
been used for purposes of uniformity and measurements are usually tailored 
as closely as possible to give the exactly defined quantity. Calculations by 
the moments method have recently been made by Goldstein & Aronson 
(88) to determine the equivalent removal cross section for elements added 
to a hydrogenous shield. These confirmed the validity of the concept and the 
approximations used heretofore. 

Suppose a unit strength source of neutrons is located in an infinite water 
medium at some standard distance Ro from a detector. The reading on the 
detector is then given by the kernel 
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g0( Ro) 
4rR,? 





Go(Ro) = 16. 

Now let there be inserted about the source a small sphere of the material 
whose removal cross section is to be measured. Its thickness (radius) is 
R,, and the reading at Ro+R, is now given by another kernel, 


&0(Ro)gz(Rz) 
2 17. 

G(Ro + R:) 4x(Ro + R,)? 
The quantities Go(Ro), G(Ro+Rz), Ro, and R, are measured. From these 
can be found go(Ro) and g.(R:z). gz(Rz) is assumed to be of exponential form, 


so that the macroscopic removal cross section is given by 








dg.(Rz) 
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For measurement with R, finite, as is of course necessary, the following is 
used: 


gz(Rz) -- e~72Rz 
1 
z=. = — — log. g(Rz 
R. Be &z(Rz) 
Of course, 


19. 





Ro + R: )) G(Ro + R:) 


so(Re) = ( Re Go(Ro) 


There are no point fission sources, but by irradiating a disk of uranium 
from the ORNL Graphite Reactor, the group at Oak Ridge National Labora- 
tory have obtained a plane disk source which emits neutrons into an adjacent 
tank of water. At this facility, the so-called Lid Tank Shielding Facility 
(Fig. 2), many removal cross sections have been measured. For the slab 
geometry that is used there, transformations are required to interpret the 
data in terms of the exact quantities. For this, the kernels defined above are 
assumed to apply, the distance R, being taken as the length in the slab 
measured along a ray between the detector and an element of the source. 
Integration of the kernel is then performed usually by some standard method 
(29, 30). It is found that the effective removal cross section does not in fact 
vary greatly with sample thickness up to thicknesses of five relaxation lengths 
(reciprocal macroscopic removal cross sections) and that the standard water 
thickness is not very critical, though care must be taken to avoid measure- 
ment of softer scattered radiation with large R, and small Ro. In view of the 
near approach to equilibrium in the neutron spectrum it is possible to meas- 
ure removal cross sections from thermal-neutron measurements, and these 
will be useful for predictions of fast-neutron dose attenuation. These cross 
sections have been shown to be additive for the case of several elements 
introduced together. 

The foregoing applies to the case in which the material is added to a water 
shield in the region near the source. In many cases, however, the material 
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is added elsewhere. The most common other distribution is uniform. The 
effective removal cross section has been measured for distributed carbon by 
means of a saturated sugar solution, which is equivalent to water of normal 
density with about 4 gm./cc. of carbon. For this measurement the removal 
cross section was nine-tenths of that for a slab of graphite next to the source. 
By comparing water and oil (CHz) measurements it is possible to derive a 
similar quantity for oxygen, and this, too, appears lower for the distributed 
than for the close slab case. Attempts have been made to explain this differ- 
ence, but none have been successful. 

The concept of the effective removal cross section has been an extremely 
useful one, in that it affords a simple method of shield calculation which gives 
reasonably good answers and at the same time circumvents the expensive 
treatments by the moments method using a high-speed computing machine. 
In addition, of course, it is to be noted that the cross sections needed for the 
latter are mostly missing, whereas the removal cross sections are easily esti- 
mated if not already measured. 

Up to this point it has been presupposed that the shield is largely water, 
or at any rate hydrogenous, and the other materials have been ‘‘added.” 
At a sacrifice of exactness and some accuracy this concept can now be dis- 
carded, the attenuation being treated as exponential with the removal cross 
section defining the coefficient. There is, however, a limitation to this 
freedom which is paramount. For this method to apply, the attenuation of 
the fast neutrons must control the whole attenuation. The intermediate 
(circa 0.5 Mev) and lower neutrons must not be more penetrating than the 
fast neutrons from which they are produced; at least this must not be the 
case for the outermost regions of the shield. That this could be the case is 
evident from the behavior of a pure iron shield. For this the relaxation 
length of the fast neutrons is about 6 cm. The intermediate energy neutrons, 
on the other hand, are too slow to be further inelastically scattered, and 
too fast to be absorbed. Hence by a process of multiple elastic scatterings 
they diffuse outward, exhibiting a slowing down length in the neighborhood 
of 30 cm. 

A more succinct way of putting the restriction is: 


I. < - 20. 
22+ 2yt+2Zst+ sc 
where L,? = 1/6r2, r? =second spatial moment of the slowing down density for 
a point source of neutrons of the controlling energy (~8 Mev), and the2’s 
are the macroscopic removal cross sections of the different components of 
the shield material. 

This requirement is easily met by the addition of hydrogen to a shield, 
and it is difficult to find shields without hydrogen which satisfy it. It is a 
matter of practical importance, too, for the best shields are those for which 
the fastest neutrons control, so the requirement should be met in any good 
shield design. It is obvious that diffusion at thermal or near-thermal energy 
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should not be appreciable either, but this requirement is met satisfactorily 
by almost all materials, so that it is never necessary for this purpose to add 
materials with high thermal-neutron absorption cross sections. 

Because the total cross section of hydrogen varies so strongly with energy, 
any removal cross section ascribed to this element will be a function of Ro, 
which defines the amount of hydrogen in the shield. (Other hydrogenous 
materials are treated by rather obvious substitutions.) As a consequence, 
the hydrogen attenuation is usually treated separately, using either a meas- 
ured attenuation kernel (89) or one of the NDA calculations. 

Integration methods of neutron shield design—Data on which to base 
neutron shield design appear either in the form of integral measurements for 
certain simple source distributions, such as the Lid Tank disk, or as a col- 
lection of removal cross sections which may be used in conjunction with 
hydrogen attenuation data. There are two general methods for using this 
information. 

The Uniform Kernel Method: The simplest method to use is the homo- 
geneous or kernel method (90, 91) for which the basic assumption is that 
there exists a unique attenuation kernel which describes the dose at every 
point in the shield (and on its surface) for each element of source and which 
is a function only of the separating distance. The conditions attendant upon 
this assumption are never actually met in practice. For example, the reactor 
core is never made of the same material as the shield, although their proper- 
ties as regards fast-neutron attenuation may not differ much. The shield it- 
self is seldom homogeneous and never infinite, and this introduces an error, 
for clearly the kernel is then a function of position as well as separation dis- 
tance. Nevertheless, for fast neutrons at least, the kernel method gives rea- 
sonable results. 

The method is used to predict the dose in one situation on the basis of a 
measurement in another. First it is necessary to determine the kernel itself 
or some basic form which serves to define the kernel. Suppose an infinite 
plane is uniformly endowed with sources of strength unity per unit area. 
The dose at a distance z from it is given by a simple integration: 


Drei(z, ©) = G(R)ds = an f G(R)RdR 


plane 


G(z) : © edt ) 
z)= —-— — Z, 0 
2xz dz — 


For a finite disk source of radius a, 


V2? + a2 
Dpi(z, a) = f G(R)RdR 


z 


It is possible to relate the infinite plane result to a sum of disk source results 
by means of judicious choice of the integration limits. Thus 
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Dpi(z, ©) = >, Dei(s/z? + va?, a) 
-0 


G(s) = ) x B(/a? + vat) 
=-0 


1 dDpi(z, a) 


B(z) = 
2rz dz 


These relations are easily verified by writing down the integrals for the sum- 
mands as indicated by equation 23. 

It is also possible to show that for a spherical shell coated with unit strength 
source per unit area the dose is related to doses from plane sources as follows: 


Deph(b, 0) = - {Dpx(b — a, ©) — Drilb +a, ©)} 26. 


where a=radius of sphere, and )=distance from sphere center to detector. 

By other similar relations, but often with approximations, it is possible 
to relate the dose in a given geometry to many others. This method is often 
used when full-scale experiments are available and when the reactor-shield 
complex is not too inhomogeneous. 

The method suffers most in that it does not properly take into account 
the relative thicknesses of different shield layers for other than a point or 
plane source. The next method to be discussed attempts to do this. 

The Method for Inhomogeneous Shields: Ascoli (92) has suggested a 
method of shield design in which the attenuation kernel is taken to be the 
product of an inverse square in the distance and an exponential whose ex- 
ponent is the integrated number of relaxation lengths along the ray connect- 
ing source and detector. Thus, 


G(R) = Fae ot (—S (x, y, 5) ds) 2. 
where 2,(x, y, 3) =macroscopic effective removal cross section, assumed to 
vary arbitrarily with position in reactor and shield, and ds=element of 
length along the source-detector ray. 

Simon (93) has demonstrated a convenient form for the dose in spherical 
geometry using Ascoli’s kernel, for the case in which the macroscopic removal 
cross section of the shield is a function solely of the radial distance from 
reactor core center. This method has in general proved more flexible than 
the uniform kernel method, although the latter, when applicable, is much 
easier to use. Simon has also demonstrated a calculational method for 
determining dose from secondary radiation such as capture y-rays from 
slowed-down fast neutrons. This is a logical extension of the Simon-Ascoli 
method. 

The weakness in the Simon-Ascoli method lies in the question of whether 
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the number of relaxation lengths along the straight ray is a true index of 
the attenuation. In general, a line integral of the same integrand along an- 
other path is smaller than that along the ray. While there must be some 
penalty (in the sense that attenuation is a penalty on the radiation) as- 
cribed to curvature (or bending) of the path of integration, it is quite clear 
that the Ascoli kernel must be in some sense an underestimate for other 
than homogeneous shields. In practice the method appears to give quite 
good results, for the apparent reason that most shields are nearly homo- 
geneous for fast neutrons. When the method is applied to y-rays it also can 
be expected to give nearly correct results, for in this case the degradation 
accompanying deflection puts a rather severe penalty on an appreciably 
curved path of integration. 

It is important to note that both this method and the kernel method of 
shield design are equally applicable to y-ray attenuation problems. They 
were devised, however, to apply to neutrons, for which there has been 
available until quite recently no more sophisticated analytical treatment. 
In the absence of microscopic data other than the removal cross sections 
these have been essentially the only methods. 


SHIELDS WHICH HAVE BEEN BUILT 


The Brookhaven reactor shield (94) is one of the first shields to be de- 
signed and built with the post-war attention to cost. It has in general 
proved quite satisfactory, although its y-ray attenuation is somewhat 


lower than was expected, a fact attributed to the large piece size of the steel 
aggregate that was used. 

Another shield in which careful design was invested is that for the Ma- 
terials Testing Reactor in Idaho. For this case a barytes aggregate portland 
concrete was used. This was the first application of an Ascoli-type kernel for 
shield design, antedating the work of Ascoli, who formalized the method and 
described its general applicability. 

In general, it can be said that it is possible to design reactor and ac- 
celerator shields with a fair degree of confidence, but such special problems 
as voids in shields and unusual geometries, scattering, etc. are not sufficiently 
well understood to afford a rationale for their solution. There is a consider- 
able amount of experimental data on ducts through cyclotron shields (95) 
but no universal theory connects the results. 
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NUCLEAR REACTIONS OF INTERMEDIATE 
ENERGY HEAVY PARTICLES! 


By D. C. PEASLEE 
Department of Physics, Purdue University, Lafayette, Indiana 


INTRODUCTION 


Heavy-particle reactions at intermediate energies have been an impor- 
tant part of nuclear physics since its early days, but lately this sub-field has 
taken on special interest. The impetus for recent developments derives 
largely from experiment, with theoretical interpretation still in the process 
of following after the fact. Since activity in this field appears to be scarcely, 
if at all, past its peak, the present review can be only a sort of interim report. 
Enough progress has already been made, however, so that a survey of the 
present position seems worth while. 

The general tenor of recent studies has been that the statistical model 
(1, 2, 3) of nuclear reactions is of less universal validity than has usually 
been assumed. Whether this also reflects a failure of the compound nucleus 
model (3) seems largely a matter of semantics. The original formulation 
of the concept (3) contained two distinct parts: the notion that the incident 
particle amalgamated into a compound state by relatively rapid (10~*° sec.) 
sharing of the incident energy among all the nucleons in the nucleus; and 
that at lower energies were to be found individual, isolated ‘‘resonances”’ 
or quasi-stationary (eigen- ) states of the compound system. The first 
picture of rapid diffusion of excitation energy through the nucelus is essen- 
tially a classical one; according to the correspondence principle, this can be 
represented quantum mechanically only as a sum over many eigenstates. 
For an individual resonance level, no such classical picture is permissible: 
it is simply an eigenstate of energy EZ, with time dependence given by a mul- 
tiplicative factor exp(—iEt/h). It is not possible to make any measurement 
of time-dependent processes, like the diffusion of energy, on this state alone. 
The classical, energy-sharing picture of the compound nucleus applies only 
at high enough excitation that the compound nucleus is represented mathe- 
matically as a sum over many individual eigenstates. 

In the original formulation (3) this sum was not performed explicitly, 
but intuitive arguments were used to predict the expected results of such a 
summation: the incident energy would be rapidly divided among all the 
nucleons, and 
for some time afterwards (>>10~*' sec.) no single particle will possess sufficient 
kinetic energy to leave the nucleus. The possible subsequent liberation of a proton or 
an a-particle or even the escape of a neutron from the intermediate compound system 
will therefore imply a complicated process in which the energy again happens to be 
concentrated on some particle at the surface of the nucleus . . . breaking up of this 


1 The survey of literature pertaining to this review was concluded in March, 1955. 
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intermediate system by the ejection of a material particle, or its passing with the 
emission of radiation to a final stable state, must in fact be considered as separate 
competing processes which have no immediate connexion with the first stage of the 


encounter. (3). 


Subsequent theoretical investigation (4, 5) has made it clear that the 
idea of resonant eigenstates of the compound system can be developed to 
the point of providing a complete mathematical framework for describing 
any nuclear process. In exactly the same sense that any nonpathological 
function can be expanded in a Fourier series with appropriate coefficients, 
any nuclear process can be represented as occurring through a series of reso- 
nant states, again with appropriate coefficients. In this mathematical sense, 
therefore, the compound nucleus (eigenstate) model has universal validity. 

Unfortunately, but necessarily, any such mathematical framework does 
not of itself contain any physical information about the nucleus: this must 
be inserted in the guise of the resonant-state expansion parameters. For 
comparison with measurements not made at an individual resonance (which 
is perforce the case except for the lowest energies or lightest nuclei) some 
average must be taken over the many contributing eigenstates. The simplest 
way of doing this is to assume no correlation between neighboring eigen- 
states. This leads to a ‘‘statistical model’’ with exactly the properties orig- 
inally envisioned for the nonresonant compound nucleus (3): complete 
independence of the formation and decay processes of the compound system, 
and relatively long lifetime of the compound system relative to the time 
for passage of a nucleon across the nucleus. It is this aspect of the compound 
nucleus model, which we may call the statistical assumption, that recent 
experiments have shown to be not entirely adequate. 

To avoid confusion resulting from the too-inclusive term ‘‘compound 
nucleus model,’’ we shall in accordance with the above discussion distinguish 
between the “eigenstate decomposition” and the ‘‘statistical assumption.” 
The eigenstate decomposition has general validity and is particularly suited 
to the description of isolated resonances; the eigenstates involved are those 
of the compound system. The resonance parameters that describe a particu- 
lar state of a physical nucleus are not given by the decomposition procedure, 
which is just a mathematical formality. There is no physical theory at pres- 
ent capable of predicting the parameters of a particular isolated resonance 
in a heavy nucleus, so that these parameters are inserted into the resonance 
formula from comparison with experiment. 

On the other hand, less detailed knowledge is required for prediction of 
experimental results involving an average or sum over many contributing 
eigenstates. One need only be able to specify some average values of the 
resonance parameters and the gross energy dependence of these averages. 
Various postulates may be introduced at this point: in lieu of experimental 
information, the ‘‘statistical assumption” of complete randomness in neigh- 
boring eigenstates (1) seems natural; recent measurements suggest the ap- 
plicability at even the lowest energies (6 to 9) of what may be called the 
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“optical assumption,” at least as far as elastic and total cross sections are 
concerned. 

We may also distinguish between an ‘‘assumption,” which is a way of 
summing over many eigenstates of the compound system, and a “‘model,” 
which is the classical picture corresponding to this type of summation. 
Thus the ‘“‘statistical assumption”’ leads to the “statistical model’ (which 
has often loosely been called the compound nucleus model), and the “‘optical 
assumption” to the ‘‘optical model.” The optical model presents a picture 
that is the opposite extreme from the statistical model: the incident particle 
does not share its energy with the other nucleons very rapidly. There is a 
strong probability that it? will re-emerge elastically. Energy sharing begins 
as a quite individual process, in which one target nucleon is excited by col- 
lision, the primary collision products make secondary collisions, etc. The 
resulting cascade process eventually distributes the energy among all the 
nucleons to form the type of state assumed in the statistical model, provided 
that none of the particles escapes from the nucleus before the energy dis- 
tribution is complete. In the optical model such escape is much more likely 
than in the statistical model, and the distribution of the escaping products 
will depend on the way in which the cascade is initiated. For example, a 
(p, 26) process in the optical model could be attributable to a single p-p 
collision inside the nucleus, with both products escaping; the cross section 
might be appreciably higher than for an (a, 2p) process, even with the same 
intermediate nucleus at the same excitation energy. Thus the optical model 
can also account for reaction cross sections; the calculations become quite 
laborious, however, and ‘‘Monte Carlo’ methods must be used (11). 

The simplest application of the optical model is to the elastic scattering 
and total cross sections of a nucleus: here the model is equivalent to a simple 
effective potential well with real and imaginary parts, the latter to account 
for absorption (i.e., anything but elastic scattering). This potential well has 
had an interesting history: in the earliest days of nuclear theory, through 
about 1935, the potential well was used almost exclusively; reactions were 
considered, with some exceptions (12), to proceed by ‘‘direct’”’ or optical 
model type collisions. The experiments showing large absorption of slow 
neutrons (13) could even be interpreted by this model, which gives a 1/v 
law. But the experiments soon afterward showed epithermal resonance ab- 
sorption of neutrons (14 to 20), and the optical model was completely dis- 
placed by the statistical compound nucleus (3). Now refined experiments 
show the necessity of taking seriously again the optical model; it is fortunate 


2 By “it’’ is meant the incident particle or any other particle of identical type, 
energy, and other parameters, which could be produced in the nucleus by exchange. 
Throughout the discussion exchange processes will not be introduced explicitly, 
since they are cumbersome to express and do not affect qualitative or first-order con- 
clusions. Also it will not be necessary to distinguish whether the entities constructed 
under the optical assumption are actual individual nucleons or groups of nucleons 
with single-particle behavior (10). 
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that in the meanwhile theory has progressed to the point where the statis- 
tical assumption can be relinquished without disturbing the basic notion of 
decomposition according to eigenstates. Recent use of the optical model be- 
gan with high energy reactions at 100 Mev. (11, 21, 22). For a time it was 
thought that the statistical model would dominate the elastic and total cross 
sections at lower energies, but measurements show that the optical model is 
valid down to the lowest energies, in which region a special form of it was ap- 
plied even in the heyday of the statistical model (23). 

The earlier supposed region of validity of the statistical model for elastic 
and total cross sections would have provided a convenient definition of 
“intermediate energy” for purposes of the present discussion. Lacking this, 
we take an arbitrary range of about 0 to 65 Mev. incident energy. The lower 
limit indicates the extreme range over which the optical model for nuclear 
reactions applies; the upper limit is arbitrary and not well-defined but is ap- 
proximately at a minimum in the density of experimental data. 

The discussion below divides naturally into four parts: (a) formulation 
of the eigenstate decomposition; (b) discussion of the statistical and optical 
models; (¢) comparison with experiment on elastic and total cross sections, 
being mostly concerned with the optical model; (d) comparison with experi- 
ment on nuclear reactions, where both optical and statistical aspects appear, 
resulting in a situation at present complicated and obscure. 

One may finally ask, what is the generic relationship of the eigenstate 
decomposition to various classically visualizable models, such as the optical 
and statistical? An ideal logical treatment of nuclear reactions would deduce 
from the force laws between nucleons all the parameters of the eigenstate 
decomposition. Since this is at present impossible, a successful classical 
model serves as a means of specifying the average behavior of the resonance 
parameters, thereby providing conditions that must be met by any ultimate 
deductive approach. 


THE EIGENSTATE DECOMPOSITION (5, 24, 25) 


A single stage of a nuclear reaction comprises the collision of two (com- 
plex) particles and the subsequent re-emission of two particles with conser- 
vation of energy, angular momentum, and parity. Each possible different 
assignment of quantum numbers to the two-particle system constitutes a 
‘“‘channel.’’ We denote the set of channel quantum numbers by c, adding ex- 
plicitly such quantum numbers s, /, ...as may be required in particular 
cases. The set c includes the number of nucleons in each “‘particle,”’ the in- 
ternal energy state of each particle, their intrinsic spins and parities, their 
relative orbital angular momentum, the total angular momentum of the 
system. A reaction starting from a given entrance or initial channel c can 
yield products in a large number of exit (final) channels c’. The cross section 
for the reaction c—c’ can be written 

(21. + 1)x 


Cec! = oll See’ l2 


k 
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where &,, |, are the wave number and orbital angular momentum of relative 
motion in the entrance channel, and S,<- is a coefficient dependent on the 
total energy E of the reaction; it is in principle different for each pair cc’. 
The square array of coefficients S,. composes the scattering matrix for the 
system; it is the natural quantity to discuss in theoretical considerations of 
reactions. 

The definition of channels already contains implicitly the idea that at 
wide separations of the two particles in a channel there are no interactions 
between the particles that will disturb their internal arrangement—i.e., no 
nuclear interactions. This is made more precise by assigning a channel radius 
a, to each channel, outside of which the particles behave as free. For separa- 
tions r- >a, the only potentials acting are the “‘long-range’”’ centrifugal and 
coulomb repulsions associated with the relative motion of the centers of 
gravity of the particles. The channel radius a, cannot be chosen smaller 
than the range a of nuclear forces between the two “particles”; choosing it 
larger is inconvenient because the description of nuclear reactions will then 
involve quantities not intrinsic to the nucleus—e.g., the distance (a,—a). 
Although the radius a, presumably varies from one channel to another, 
the usual simplifying assumption has been that 


a~a 


for all channels, where a is some sort of effective nuclear radius. 

The introduction of the channel radii a, is the basic step in obtaining the 
eigenstate decomposition: they define a spatially-bounded region. Whatever 
the forces acting inside this region, its boundedness alone limits the system 
to (an infinite number of) eigenstates at discrete energies E,. These energies 
are real, since the idealized system bounded in every channel cannot decay. 
The eigenstates are functions of the system as a whole, so that each eigen- 
state affects every channel. We can define a (real) coefficient yy, which is 
essentially the amplitude of the Ath eigenstate in the cth channel. The region 
external to a, is mathematically simple to handle, since it requires only the 
solution of the two-body wave equation with long-range potentials. The 
connection between internal and external regions is established through the 
usual continuity of the wave function and its first derivative at de. 

Any wave function in the interior region can be expanded in terms of the 
eigenstates, since they form a complete set. This applies to physically real- 
istic wave functions with outgoing waves in many channels but incoming 
waves in only one channel, even though the eigenstates themselves are de- 
fined for a stationary system with standing waves in every channel. Thus the 
scattering matrix element S,,.- can be expressed in terms of the internal eigen- 
states, in particular in terms of their energies E, and channel amplitudes 
Yxc- The formulas given below for this expansion follow in a schematic way 
the treatment of Thomas (25). 

The general element of the scattering matrix is 


Sect = e~ibet be") [5.01 + 2éP2(R-7AXR) cc Pel? ] 
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VrcYrc’ 1 
Rost = —. xX = —_———- 
u E,-E (1/R) —L 


Lee! = Scot (Se + +P.) 


The quantities R and X are square matrices of the same order as S..’, and 
the Lee constitute a diagonal matrix in this same representation, since 
5<c’ is the Kronecker symbol. The quantities S,, P., and ¢, are all character- 
istic of the two-body motion in the region external to a, and enter equation 
3 through fitting of the wave function and its derivative at this boundary. 
The argument of the exterior wave function at the channel radius is p 
=k,a,; and if F(p) and G(p) are the regularand irregular radial functions of 
the external region at this point, 

tusyen Sf 

-s+@=%(7) 

O=F+iG 

¢@ = tan“ F/G. 
The subscripts c can be added for each channel. 

The contributions of the internal region to S,. are all contained in the 
matrix (RXR), which is algebraically more complicated than the ‘“ex- 
terior’ parts of equation 3. The complication would be reduced if R and X 
commuted, as would be the case if L=0. The noncommutativity of Rand X 
can be approximately accounted for (25) by writing 
1 


~ (1/R) -—L ° 


RXR = X 


For elastic scattering 1/ Ris essentially the function f of the schematic treat- 
ment (26), and 


— YrcYre 
Reo = re 6. 
2 Ey — E + (A)’ — (4/2)T»’) 





The physical interpretation of the quantities in equation 6 becomes ap- 
parent on substituting equations 6 and 5 into equation 3 and reducing to 
the special case of a one-level formula. Then 


Tre? 


Ey — E + (Ay’ — (¢/2)Tx’) — n2Le 


‘ 2iPynr2 
Sec = 2% [ 1 + srs | 
Ey — E+ (Ay! — Sevan?) — (6/2)(Tr’ + 2P eve?) 


This is to be compared with the customary form 


. Te 
See - 218, [1 : ] 
° * Gta) -@m—E 
The comparison shows that half-width of the incident channel c is 


Tye = 2Pevnc? 9. 





(1/R — L) = 








and that Ty’ is what is called the absorption half-width, being the sum over 
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all channels open to the state A except the incident channel: 


Mn’ = > Ne 
ce’ Fe 


The total half-width of the state A is 
rT, = ry’ +Ty- = > Tye’ 9b. 


Similar considerations hold for the energy level shifts A. These shifts are of 

no interest to the subsequent discussion and will be absorbed into the defini- 

tion of Ey; the resulting slight energy dependence of E, can be ignored here. 
For nonelastic (c’ #c) processes, we have to write 


a YACV de’ 
_* - Ey — (¢/2)T) — E 
since in first approximation the contribution of the Z matrix in the denomi- 
nator of X’ is of the form (V-L7),’) =0, as L has values only in single chan- 
nels and has no cross terms between channels. Since R,,. must be symmetric 
in ¢ and c’, equation 10 contains T) instead of Ty’ in this approximation.* 
The strength function—The various experimental cross sections in units 
of (2/,4-1)1/k.? are 


elastic: Gee =| 1 — See |? 


= X’ 10. 





reaction: Ce! = | Sas? [2, c #F c’ 
absorption: oea = >, | Sec |? = 1 —| Sce|? 
ce’ Fe 


total :* Oe = Gee + Gea = 2[1 — Re {See} ] 


In case of a single dominant level in R the expressions in equation 11 reduce 
to the familiar Breit-Wigner forms (27). In the present discussion we are 
interested in the opposite extreme, where an average must be taken over 
many levels. If the levels themselves are not closely enough spaced to be in- 
distinguishable, the experimental indefiniteness of the incident energy E is 
assumed sufficient to effect the average over many levels. The advantage of 
the form of equation 6, and in principle of equation 10, is that the validity 
of its average is not restricted to a certain range of I,/D,, where D) is the 
average spacing of the levels \. Consider the diagonal term Ree, which is 
sufficient for calculation of the most readily measured cross section, the 
total o,.: in equation 6 replace 2, by /(dE,/D,) and call the quantity y,c?/D) 
=5,(E,) the “strength function”’ of the levels at Ey. Then® 


3 A second approximation (25) indicates that, in equation 10, yye should be re- 
placed by yac/(1—RecLe) and correspondingly for ype. 

4 Re=real part of; Im =imaginary part of. 

5 Equation 12 is very similar in form to the Kronig-Kramers dispersion formula 
for the scattering of light (27a). The amplitude for forward scattering of particles of 
orbital momentum /, by the compound nucleus mechanism only (no potential scatter- 
ing) is 
(2%. + 1) 


i P-(E)Ree(E) 12a. 


aE) = 
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Se(Ey)d Ey 
Ey — (EZ + if’/2) 
Here A,’ has been absorbed into Ay, and I’ =(Iy’)ay is now regarded as a 


constant. Equation 12 is a Stieltjes transform that can be applied for 
I'’/D<1 as well as T'’/D>>1. It also has the inverse, 


12. 





RE + it"/2) = f 


1 sae 
s(E) = — lim Im {Rec(E + i/2)} 13. 


Equation 13 appears to be of potential usefulness in reducing measure- 
ments on the gross energy behavior of nuclear cross sections. The most 
straightforward quantity to measure is the total cross section o¢. This does 
not directly yield Im{R,,}, but any simple model that can be devised to fit 
the measured Re{S.c} will also yield indirectly an expression for Im{Ree}, 
which can then be converted by equation 13 to a corresponding function 
y?/D(E). It may then be possible to interpret the behavior of this function 
in terms of a model of nuclear structure. 

For example, the optical model indicated by analysis (28) of low energy 
(0 to 3 Mev.) neutron measurements (6 to 9) yields the specific form for 
1=0: 

1 


RelE) = Wf = FF 





If the individual resonance levels \ are well separated, the average cross section for 
compound nucleus formation can be written 


a dE} 
Cc = 2l. 1 ke f —— 
ode) = Che + Yel/kt } Ere + O72)? Das 
= (Ql, + 1)2n?/k2P.(Ey) { se(E)/Dy} 
Substituting equations 12a and 12b into equation 12 would yield 
PAE)  [ke?/PA(E’) |o-(E’)dE’ 
ao(E) = 
2rk. E'-—E 
= Re o-(E’)dE’ 
2x? E'-E 


which is exactly analogous to the Kronig-Kramers relation. 

Equation 12c cannot actually be correct, although of a very suggestive form. It 
implies a separate dispersion relation of the Kronig-Kramers type for every individual 
value of /,, against the existence of which general arguments can be given (27b). The 
failure of equation 12c can be traced to the failure of equation 12b, which is a relation 
like equation 32 below and can be valid only for regions of ‘“‘weak coupling’’ where 
se(EZ) is small. For any |], regions of weak and strong coupling both occur over an 
energy range of a few Mev, so that the integrand in equation 12c is seriously in error. 
It is perhaps of interest to note that in spite of the failure of 12c, equation 12 is gen- 
erally valid and does seem to imply a sort of dispersion relation for individual /,.. This 
relation is not exactly of the Kronig-Kramers type, for there is only an implicit rela- 
tion between the integrand s.(E’) and the compound formation cross section o-(E’) 
which can be made explicit just in weak coupling regions. 
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2M a? 
where M is the mass of the neutron, and —(Vo+1W/2) is the effective square 
well potential in the nucleus. Now since 


Z? [(E + Vo) + iW/2] 14. 


bes 2 
Z tan Z = 15. 
anZ=2 open 





equation 14 is equivalent to 


— SS  (hY/Mat) 
Re(E) = 2 e+ WD) 





wh? 
E, = —1/2)?-V 
>= aes P— 2" — Ve 


and by equation 13 the corresponding strength function is 


s(E) = (2°) 21 JOE W (h?/Ma*) 
\Dy/ av p (E, — E)? + (W/2)? 

The quantity y.2 can be regarded (at least near its maxima) as the rela- 
tive probability that the state A in the internal region consists of the inci- 
dent nucleon moving in an effective potential provided by the target nucleus 
in its ground state. If D, is assumed to be constant, the resonances in equa- 
tion 17 show that the single-particle configuration is not uniformly distrib- 
uted among the internal states but shows a definite concentration about 
energies characteristic of the shell model. This implies that single-particle 
wave functions may be a useful first approximation to some nuclear con- 
figurations, as the success of the shell model has already emphasized. If in 
equation 17 W-30, the single-particle picture would be a perfect approxima- 
tion for those states with A=); if at the other extreme W—>©, the single- 
particle configuration would be uniformly distributed among all the nuclear 
states A and hence would probably not be a very useful starting point for 
describing any state. The situation in equation 17 is described as ‘‘inter- 
mediate” (29). 

Compound nucleus formation.—Of the directly measurable cross sections 
in equation 11 only the total cross section a, can be simply related to the 
strength function s(E), because only a; is linear in R. The other cross sec- 
tions all involve |R|2, which can be evaluated only by making a particular 
choice for the form of R, such as equation 16. To avoid this restriction, we 
try to use general, semiquantitative arguments based on a time-dependent 
picture of the reaction, as in Figure 1 (30). The incident particles arrive as 
wave packets at the boundary of the interior region, represented for conven- 
ience as a plane. Fitting of the wave function and its derivative at the sur- 
face results (on a one-channel picture) in two outgoing wave packets for 
each one falling on the surface: one outgoing packet in the exterior region of 
intensity |S..|?S1 relative to the incident intensity, and a packet trans- 
mitted to the interior region with relative intensity T,=1—|Sce|? to assure 


17. 
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Inner Region r=a Outer Region 





Fic. 1. Wave packets at the surface of a nucleus. 


conservation of particles. The wave function of the transmitted packet in 
the interior (compound nucleus) region can be written 


vr = >. are tenth 18. 
x 


where £) are the characteristic, real energies associated with yy. The coeffi- 
cients a7, are arranged so that at time ¢=0 the wave function Wr represents 
the nucleus in a state where all the excitation energy is localized in a single 
particle, incident at the border of the interior region. As time passes, the 
various terms of equation 18 progressively depart from their original phase 
relations, producing two effects: the transmitted wave packet moves with a 
higher velocity than in the exterior region, corresponding to a real potential 
V=-—Vo. More important, the simple wave packet representing a single 
particle in a potential well gradually disappears. The individual yy contain 
strong admixtures of configurations where the excitation energy is distrib- 
uted among many nucleons; the emergence of these other configurations 
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with time (the az, are fixed to make them cancel at t=0) corresponds to 
“absorption” of the simple one-particle state. 

This process is not irreversible, however, because the E£) are real and dis- 
crete, having an average spacing D. The coefficients ap, are large only for 
FE, in the region of £, the actual energy of the reaction; for the relatively 
narrow range of importance about E, we can take D(Z£) =const. Under this 
assumption, the terms in equation 18 must all return to their original relative 
phases after a time no greater than éo, where (30) 


foD/h = 2r. 19. 


The motion of the wave packet in the interior region is thus periodic; after 
each interval fo, the single particle in a potential well reappears at the nuclear 
surface. The probability of penetrating this surface is the same in either 
direction, namely T,=1— | Sce|?. 

The description above is entirely in terms of a one-channel nucleus. If 
more channels are available for emission from internal state, the one- 
particle picture is subject to continuous decay at a mean rate 


1/7 = T’/h. 20. 

Here I” is again the ‘‘absorption half width,” [’ =I! —T,, where I is the total 

half width and [, that for the channel under consideration. The probability 
that the internal state will survive a single cycle is 

w= etl? = eID, 21. 


Thus (31) the probability that the original particle can escape after one cycle 
is wT,; the probability that it will be irrevocably absorbed is (1—w). These 
probabilities maintain the same relative magnitudes throughout any num- 
ber of cycles, so that the probabilities P, and P, of elastic re-emission and 
absorption are 
P,/P, = wT./(1 — w) = T./A 
A = (eT — 1) 
P.+ P= 1. 

Absorption can occur only through the compound state. 

The total cross section for forming the compound state, in units of 
(2)-+ 1)1/k?, is 


o(C) =1—| Sce|? = Te. 23. 


The corresponding elastic scattering and absorption cross sections are 
(C) =T [ = 
Sec =iec A re T. 


A 
fo @ Be F + =|. 


The notation (C) indicating compound state can be dropped from gq. The 
compound elastic scattering o-<(C) must be combined with the elastic scat- 
tering at the surface in Figure 1, o-<(.S), also called (28) the ‘‘shape elastic’ 
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scattering. Because of the random nature of the compound elastic scatter- 
ing, it is completely incoherent with the surface elastic scattering, and 


Cece = Oec(S) -p sulG). 25. 
The expression in equation 11 for o,- can be decomposed into two in- 
coherent parts by considering averages of S,, over energy ranges small in 
comparison with the slow change of s(Z) but large with respect to D. If 
(Sec) is such an average of Sec, then 
cece = (| i- See |?) 
= (| {1 — (See)} + { (Sec) — See} |?) 
= (| 1 — (See) |*) + (| (Sec) — See |) 
= | 1 — (Sec) |? + {| See |?) — | (See) |?}. 


The cross term between 1—(5S,-) and (Sec) — See vanishes on the average, so 
that the two parts of the final expression are incoherent and can be assigned 
(28) to oce(S) and occ(C), respectively. The appearance of (Scc) in Gec(S) 
implies that this same quantity should appear in equation 23, or 


T. = 1 —| (Sec) |?. 27. 


The last quantity can be calculated from the integral in equation 12 for 
Ree, so that we have avoided direct computation of |R..|?. Evaluation of 
|R.c|? for a specific form similar to equation 16 leads to the same results 
(25). 

It should be emphasized that compound nucleus formation here does not 
imply that the statistical assumption is valid, in which random phase rela- 
tions are assumed among the az, in equation 18. The reaction cross sections 
Occ, for example, may be strongly influenced by the disposition of the a7; 
that is, they will depend on the way in which the compound state is formed. 
Taking the time-dependent picture literally, we may say that only near the 
middle of a cycle of length to will the compound state decay randomly into 
the various possible channels c’; near the ends of the cycle the decay is 
weighted heavily in favor of channels c’’ where the nuclear configuration 
is not very different from that in c. Thus on the average over a cycle decay 
into channels c’’ will be somewhat favored. The failure of the statistical 
assumption is also apparent in the compound elastic cross section g¢(C): 
if we put 7,~2xP./D (see below) in equation 24, we have for I’/D<1 


re 2nT* 


w = 28. 
DT’ + I) Dr 


Oec(C) > 2 





This is the usual expression (26) for the compound elastic cross section 
averaged over widely separated resonances. The statistical assumption im- 
plies that the form of equation 28 should be valid independent of I'’/D, while 
equation 24 shows that as I'’/D becomes large, gec(C) falls off much more 
rapidly than in equation 28. That is, there exists an average destructive in- 
terference in the compound elastic scattering from overlapping levels. 

At energies E far from the ‘“‘giant resonances”’ of s(Z) given by equation 
17 there is an approximate, simple relation between T, and s,-. When E is 
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not near a pole of expression 17, we can get an approximate value for the 
integral in equation 12 by taking only the contributions from the pole in the 
denominator, neglecting the poles of s, itself. Then 


R.(E) © mise(E) 29. 
Te = 1 —| (Sec) |? = 1 —| 1+ 2¢P.Ree|? = 44Pose(1 — Pose) © 2e(Te/D) 30. 


where the term in s,? is dropped because all quantities are supposed to be 
small. This is the expression used in equation 28 above. It also brings out 
the relation to the intuitive concept of the “sticking probability” that 
appears in the older literature (1, 32, 33). The sticking probability & for 
any channel is defined to be OS £, $1 such that in units of (2/,4+1)a/k2 


o-(C) = Pk. => | 31. 
Comparison with equation 30 shows that in the present case 
& =~ 2ns-(E). 32. 


Equation 31 is a general equivalence between the sticking probability & 
and the transmission coefficient T,: they are equal at incident energies high 
enough for the particles in the incident channel to collide under classical 
conditions. Of course T, is a function of s, at all energies, but only in the 
“‘weak coupling’”’ region between the giant resonances can the relation read- 
ily be made explicit, as in equation 32. 

The effect of the “optical assumption”’ of equation 17 for s.(Z) upon the 
individual reaction cross sections @¢-’ has not yet recieved much study. Eval- 
uation of an expression of the form 


4) 1/2 
; f eed ln 33. 
Ey —il)/2 —E 





would be required. Even without detailed considerations it seems likely 
that R,,’ will turn out not to be in accord with the pure statistical assump- 
tion, but that reactions may display a strong ‘‘memory”’ of the way in 
which they are produced. 

Angular distributions —The angular distribution of products from a nu- 
clear reaction will in principle tell something about the degree of validity of 
the statistical assumption. The angular distribution of the reaction cc’ #c 
can be written st 


dec! _ 


“dQ (2s + ke ; Ike si 


U mE * 
zs. - Hats ety Sextet K Sihh'Jolah'ss'; 0) 34. 


where s is the channel aed (sum of the intrinsic spins of the two particles), 
lis the orbital momentum, J is the total angular momentum of the system. 
The function K(@) is a purely geometrical factor containing the angular 
dependence. If we use equation 10 in the defining equation 3 for S, the quan- 
tity S*S is of the form 


eT - 
—" YeslydyVe's'ly’dy miners ry I9’Ao 
xa, Ly, — E — G/ 20), Ey, — E— (i/ 20, 
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Under the statistical assumption the signs of the y’s are randomly distrib- 
uted, so that in the summations in equations 34, 35 the only terms that occur 
always with the positive sign are those for which h=h, h’ =’, Ji=Ja, 
1 =e. These terms are accordingly much larger than the remaining terms 
with random signs, which latter are hence neglected in the statistical ap- 
proximation. Then 


doec! ~ (year) *(o7ee rn)? 
dQsoyis (Ey — E)? + (1/21)? 


The angular functions K with equal indices appearing in equation 36 
have the property (35, 36) that they can be expressed as functions of 
cos*@ only and so are symmetric about § = 90°. The absence of such symmetry 
in an observed reaction (e.g., the presence of forward peaking) may thus be 
taken as an indication that the statistical assumption leading to equation 36 
is not entirely valid for that reaction. Of course, under the optical approxi- 
mation there are strong correlations among the Ycsm, so that highly asym- 
metric do--’/d2 may result. It should perhaps again be emphasized that the 
presence of a nonisotropic angular distribution does not rule out the statis- 
tical assumption, which is incompatible only with a nonsymmetric distribu- 
tion. 

For elastic processes the surface scattering angular distribution has the 
elementary form (28) 


dace(S) = 1 
dQ sR? 


K(JUl'Jil'ss’; 0). 36. 





E (21 + 1)Pi(cos 6) {1 — (Se.)}} - 37. 
l 


The angular distribution of the compound elastic scattering is not easy to 
compute and has never been evaluated in full detail. The difficulty arises 
from the fact that in equation 35 c’, s’, 1,’ =c, s, , so that positive definite 
coefficients are obtained without the necessity of setting \y=A2, J; =J2. 
The sum over )y, Ae, therefore becomes more complicated than in the non- 
elastic reaction; similar considerations are responsible for the fact that o,.(C) 
in equation 24 is much less than in equation 28 for [’/D>>1. Fortunately, 
the question of the angular distribution of o,,(C) is of practical importance 
only at the very lowest energies, for at moderate energies [’/D>>1, and 
Tce(C) becomes negligible. 


THE OPTICAL AND STATISTICAL MODELS 


The eigenstate decomposition has the virtue of providing a mathemati- 
cally complete description of nuclear reactions and leads most naturally to 
rigorous and simple expressions for isolated resonances. On the other hand, 
it does not seem so ideally suited for the description of nonresonant processes 
and is on the whole rather formal. To obtain somewhat more immediate in- 
sights into nuclear behavior, physical models of various types are helpful. 
They always involve oversimplifications and cannot claim the general valid- 
ity of the eigenstate decomposition, but a successful model frequently pro- 
vides a basis for intuitive interpretation and prediction. 
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Two extreme models will be described here: the optical and the statistical. 
The optical and statistical approximations of the preceding section are usu- 
ally determined by the requirement that they reproduce the results of 
these models. The optical and statistical models are opposite extremes in a 
general sense: the optical model assumes a maximum of coherence among 
nuclear phenomena, the statistical model assumes a minimum, or total 
incoherence. This distinction is maintained at all points where the notions 
of coherence versus incoherence have any meaning: e.g., in the relative phases 
of competing reactions, in the relative sign of neighboring yy, etc. 

The optical model_——The optical model in its simplest form represents the 
nucleus as a static potential well without internal structure; the only refine- 
ment is that the potential may have both real and imaginary parts, to allow 
for absorption as well as elastic scattering. Under this definition the shell 
model and the usual degenerate Fermi gas treatment of nuclear binding 
energy are also examples of the optical model. The success of the optical 
model at these lowest energies may make its applicability to low-energy 
nuclear reactions somewhat less surprising. Although the optical model in 
nuclear physics antedates the proposal of the compound nucleus, the rela- 
tion of its parameters to the basic two-body nuclear forces has been studied 
only recently (37, 38, 39). 

To obtain this relation, it is convenient to regard the ground state nuclear 
wave function as a product of independent-particle wave functions. Such 
product functions form a complte set and can serve as a basis for descrip- 
tion: 


Y° = 41°(r1)$29(r2) + + + 4%(r4) 38. 


Here the ¢;° are all normalized over the volume of the nucleus. For simplicity, 
all complicating effects are neglected, such as antisymmetrization and linear 
combinations of different sets of ¢,, nucleon spin and isotopic spin compo- 
nents, etc. Consider now the elastic scattering of an incident nucleon by a 
nucleus in its ground state, again neglecting exchange effects. The first- 
order scattering amplitude in the Born or perturbation approximation is 


A 
a ~f y* >) Vir — rie 4k Fy ogs4y = V(Ry, Ri) 39. 


j=l 


where V(r—r;) is the potential acting between the incident nucleon (r) and 
the jth nucleon in the nucleus; Ak=k;—k; is the impulse given to the scat- 
tered nucleon by the nucleus. The scattering amplitude is 


a ~ X pAb) V(Ak) 
Viak) = f V (rye ikea 


pi(sk) = f etAk-ri| 4007, |*@r, 


and if the average density of a nucleon in the nucleus is 
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A 
p=1/A > | dr) |, 
j=l 
a, ~ Ap(Ak)V(Ak) = V(Ry, Ri) 41. 
Next consider the second-order perturbation approximation. In the in- 
termediate state the nuclear wave function ws can differ from Y by having 
the jth nucleon in the mth excited state with wave function $;”(r;). The 
scattered nucleon goes to an intermediate plane wave state denoted by km. 
The corresponding matrix element is 
V™}?(Rm, k;) =pj"(Rm — R:;)V (Rm = k;) 


pi"(k) = J oi" (r)e** Vig; (r;)d%; 


and the scattering amplitude is 
V(Ry, Rm) V (Rm, Ri) V0" ;(Ry, Rm) V9 (Rm, Ri) 
a~ ye + 
km Ein —E km:mj#O En —E 
The first term of equation 43 represents double scattering of the incident 
nucleon with the target nucleus remaining in its ground state throughout; 
we can argue that this term is larger than the second by a factor of order A. 
If in the second term of equation 43 we neglect the dependence of the 
denominator on the state ¢;” and replace Em by some appropriate E;,, de- 
pendent only on km, 


V°™;(Ry, Rm) Vi (Rm, Ri) _ V (Ry — Rm)V (Rm — Ri) 
x «8 kh. -£ x Qi 
_ V (ky = Bn) V (lem — 
pit Ex, — E 


43. 











- (Ry ens Rin) pj™ (Rm _ ki) 
44, 








d i(k) 


where the last step follows from the definition 42 by closure. Then with 
~p;(Ak) = Ap(A&), the scattering amplitude becomes 
Ap(Ry — Rm)Ap(Rm — Ri)V (Ry — Rm)V (Rm — 
a~ > 
b-f 


km 
Ap(&k)V (Ry — Rm)V (Rm — ki) 
+2 Exm — E 








km 
Although the terms in equation 45 differ slightly, p is of order unity for mod- 
erate Ak, and Ekm is not expected to differ radically from E;,,,, as is confirmed 
by sample calculations. Thus the second term of equation 45 is small relative 
to the first by a factor of order A/A*?=1/A and can be neglected for large 
A, where in practice “large A”’ seems to be of order 10. 

This argument is an example of the statement that the optical model 
assumes a maximum of coherence in all nuclear processes. In the elastic scat- 
tering matrix element V° the factor A arises because of coherent scattering 
from each of the A nucleons in the nucleus. 

The two-step inelastic process V°"sV"s° is incoherent in the sense that 
after the step 0-+m;, the only step that leads back to is m;—0, and not 
m;—0, j’%7. These remarks can be extended to the scattering amplitude of 
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any order, a,. The largest term in a, is the coherent one, where at each stage 
the target nucleus remains in its ground state. The next largest term is that 
in which one target nucleon is excited to a state $;” and ultimately returned 
to ;°. Even if all the other steps involve coherent scattering, the step in 
which ¢$;"-—+@;° can occur only through scattering of the incident nucleon 
by the jth nucleon in the target and is thus reduced by a factor of order 1/A 
in comparison with the coherent term. 

Interactions among the target nucleons have not been explicitly intro- 
duced here. The expansion a), d2 +++ @, *** is in terms of the number of 
scatterings of the incident nucleon; each amplitude a, implicitly includes 
the interactions among target nucleons to all orders. 

If we retain only the dominant terms in ay, of order A", the perturbation 
expansion becomes just that for scattering of the incident nucleon by the 
effective potential 


— Vo(r) = fx pi(7j) V(r — r;)d*r; 46. 


The negative sign is inserted in equation 46 as a matter of definition, to 
make Vo intrinsically positive for attractive forces; — Vo(r) is the real part 
of the nuclear optical potential. The imaginary part is determined by esti- 
mating the mean free path of the incident nucleon for inelastic collision 
with one of the target nucleons in the nucleus. This mean free path is of the 
form 


sa 1/(ofex)p 47. 


where p is the nucleon density, ¢ is the total cross section for nucleon-nucleon 
collision and f,z is a reduction factor attributable to the exclusion principle. 
The brackets indicate an average over all momentum states of the nucleons 
in the target. If the incident nucleon energy is low, most of its inelastic col- 
lisions with target nucleons will be forbidden because at least one of the col- 
lision products would have to go into a momentum state that is already oc- 
cupied. The effective cross section for inelastic collisions is thus substan- 
tially reduced by a factor f.z. As the incident energy becomes large, f..—1, 
but the total nucleon-nucleon cross section decreases; and at low energies 
is large but f.2. 0. Thus, as a function of incident nucleon energy, A passes 
through a flat minimum somewhere between 20 to 50 Mev. Values of A 
calculated by this model are shown in Figure 2 (40). 

The imaginary part of the optical well is simply calculated from X. If 
the optical potential is V= —(Vo+7zW), the wave number of the incident 
nucleon in the nucleus is 





K= E+ Ve) +4W} = B+ 5/2 48. 
1 


A plane wave e*** falls off in intensity by a factor e in a distance A. Knowing 
Vo and A, we can determine the effective W by equation 48. At present W 
appears to be only of order 1 to 2 Mev. at the lowest incident energies, rising 
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Fic. 2. Mean free path \ as a function of neutron incident energy, after (40). 
Note added in proof: More recent calculations suggest that this curve is only quali- 
tatively correct. 


to a fairly constant value of ~10 Mev. for incident nucleon energies >10 
Mev. 

The nucleon-nucleon potential V(r—r;) in equation 46 is not yet well 
known, and detailed experimental knowledge of the nucleon-nucleon scat- 
tering amplitude a(k;, ky) seems likely to become available sooner than an 
adequate theory for V(r). It is possible to express Vo in terms of a(R;, k,) 
with a validity equivalent to that of the Born approximation, but it is not 
now clear how to proceed from a(k;, ky) to Vo otherwise. Consider a single 
elastic scattering of the incident nucleon, regarding the target nucleons as 
fixed at positions r;: the sum of the scattering amplitudes from all the nu- 
cleons in the nucleus with phase factors for their different positions is 


A 
> e'A*-F; a(ki, ky) 49. 


j=l 


Taking the expectation value of this for the nuclear ground state, we have 
a; = >. p;*(Ak)a(k;, kp) = p(Ak)a(ki, ky) 50. 
- 


If equation 50 is now regarded as the first-order scattering from an effective 
optical potential V(r), then with 
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U=2MV/# 


U/4r = ans f e'4k-r5(Ak)a(ki, k;)d*(Ak) 
(27) 
where a minus sign has been absorbed by the convention in equation 46. 

At first sight the range of validity of equation 51 may appear limited. 
The amplitude a(k;, ky) is complex, and the calculated U will also be; but 
equation 51 is an inversion of the Born-approximation type, which has the 
well-known defect of yielding a purely real scattering amplitude for any real 
potential. It might therefore appear that only the real part of U in equation 
51 can be given a physical interpretation. Actually, the situation is some- 
what better than this, and the imaginary part of U is also significant, at 
least to first order. According to equation 48, if k’A>>1, 


os wen, alt (2M “ 
k +i a~ (E+ ¥) +i([)0 ° 
With of.2=o' for the effective collision cross section in the nucleus equation 


47 gives 
20 
Ko'p = (=) Ww 53. 
h? 


For any scatterer (41) 
k'o’ = 4 Im {ao} 54. 


where a is the forward scattering amplitude. Thus 


(= )w/4 = Im {ao} p(r) 


= Im {ao} (2”)- f e'Ak-r5( AR) d5(Ak) 


which is a form similar to Im { U} in equation 51. 
To make this similarity more explicit, consider (42) a polynomial expan- 
sion of a(kR;, ky) 

a(R, Ry) = ao + i(Ri- Ry — h*) t+ +> + iM(Ri ky — Ban +-:- 56. 
where the a’s would be real if the Born approximation were valid. It is con- 
venient to use the quantity (k;- ky) —k*? =(k;-Ak) = —1/2(Ak)? as the expan- 
sion parameter instead of the more immediate (k;-k,;), because then ao is 


the forward scattering amplitude. Corresponding to equation 51, we have 
U/4r =u tmte++t+tnt:-:- 
un(r) = — f et Akt (ik; -Ak)"p(Ak)d*(Ak) 
(27)* 


= an(ki V)"(7) 


(M2) 


The higher (nonspherical) terms in a(k;, ky) can thus be represented as op- 
tical potentials that are velocity-dependent and related to the various gradi- 
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ents of the nuclear density distribution, rather than to the density p itself, 
as for the spherically symmetric part. 

According to the discussion above the real and imaginary parts of uo 
in equation 57 are both significant, at least if the imaginary part is not too 
large. How to interpret the imaginary parts of u, has not been studied, but 
so far not much application has been made of u, with n #0. 

Spin-orbit coupling.—Similar remarks of course hold for the spin-orbit 
coupling effective on the incident nucleon in the nucleus. The nucleon- 
nucleon scattering amplitude contains a term which is, to lowest order, of 
the form (43, 44) 

Qis = tayo’ (Ri K Ry) 58. 
where @ is the spin operator of the incident nucleon. The form of equation 58 
is the only scalar that can be constructed from the vectors k,, ky and the 
pseudo-vector 6; a, will be real in the Born approximation. Then the optical 
spin-orbit potential is 

ais 

(2m)* 
= aisd* (Ri XV)p(r) 59. 
= h7'a;,6° p; X r(1/r dp/dr) 
= h-'a;,6°L(1/r dp/dr) 


U1,.(r)/42 = f Aerob X Ry) p(Ak)d?(Ak) 


showing the usual dependence on the derivative of the (assumed spherically 
symmetric) density distribution. 

Reactions on the optical model.—The optical model can also be used to 
some extent for calculating inelastic scattering and reaction cross sections, 
although its applicability in the simplest form will be limited by the details 
of the nuclear wave functions involved. Consider an extreme case of inelastic 
scattering, where the final state of the nucleus has the wave function y", 
with only one (independent) nucleon in an excited state, as would occur in 
an ideal shell model. Then the arguments used in equations 43, 44, and 45 
would indicate that the matrix element to first order in the inelastic process, 
but corrected for all coherent multiple scattering before and after the in- 
elastic event, is 


M~ f V"i*by*V (1 — ribad*4rjdr 60. 


where ¢;, $y are the initial and final wave functions of the incident nucleon 
in the effective optical potential —(Vo+7W). As with equation 49, the mul- 
tiple-scattering effects are included ¢;, ¢;; the calculation of the inelastic 
process can be carried to higher orders in V(r—r7;) by using some technique 
(e.g., coupled equations) that does not rely on an expansion in powers of 
V(r—r;) but still permits the use of $;, ¢y. 

In actual nuclei the final nuclear state will always be more complicated 
than Yi, especially when it is an eigenstate y,. The wave function can be 
written 
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Vr = amv" + yr” 61. 


where the yr" are more complicated configurations not to be reached from 
y° by the one-step process described by equation 60. The contributions of 
“direct” inelastic scattering to the total cross section will thus be | @xm;|? 
<|M/|?, and there will be additional contributions from more complicated 
processes. The most complicated processes will be of a statistical character, 
as opposed to the optical nature of the direct process. There will of course be 
intermediate paths from W° to some of the less complex vy’ that are not well 
described by either the one-step or statistical extremes. 

The angular distribution of optical processes described by equation 60 
tends to show forward peaking, which becomes more pronounced with in- 
creasing incident energy, while the statistical processes must yield angular 
distributions symmetric about 90°. Thus the measurement of inelastic 
angular distributions gives at least a qualitative indication of the relative 
magnitude of |a,m;|*. If the distribution has strong forward peaking, the 
initial and final nuclear wave functions are very “similar,’’ differing mainly 
by the arrangement of one nucleon; if the distribution is predominantly 
symmetric, the initial and final nuclear configurations are relatively ‘“‘dis- 
similar.” 

The same considerations can be applied to reactions, such as (m, p) or 
(p, n), where the initial and final nuclear wave functions can differ by only 
one orbital. The prime example of this type of “‘optical”’ treatment of nuclear 
reactions has of course been the “stripping’’ reactions, mainly (d, p) and 
(d, n) [see (45) for references]. The stripping contribution to the (d, p) reac- 
tion is calculated for that part of the final nuclear wave function which con- 
sists of the target nucleus in its ground state plus one neutron in an excited 
state. The general success of the stripping calculations in comparison with 
experiment is an indication that most low-lying nuclear states are well de- 
scribed by such a shell model picture; the occasional appearance of a rela- 
tively symmetrical (d, ») angular distribution suggests that some levels do 
not have much of this simple character. 

The statistical model.—The statistical model can be most clearly described 
for reactions other than elastic scattering. In terms of Figure 1 it assumes 
that the transmitted wave packet is immediately absorbed and never recon- 
stituted: the incident energy is instantly and randomly distributed among all 
the configurations y that may be present. From this random distribution 
eventually occurs the decay that produces the reaction. The previous dis- 
cussion of Figure 1 may make this assumption seem a little unrealistic, but 
the statistical model is supposed to represent one extreme form of the com- 
pound nucleus. It has perhaps not always been clear that the ‘‘compound 
nucleus’ concept does not necessarily imply the statistical model. In the 
statistical model the phases of the yy present in any nuclear wave function 
are random and remain so with time in a time-dependent picture. There is 
hence no interference between separate yy in the decay process. The rate of 
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decay into any channel c’ is an average over that for the y with A in the 
neighborhood of EZ. In terms of equation 10 the signs of 7, and 7, are as- 
sumed totally uncorrelated, so that 


R ote ( YarcYrc’ ) ( YN cYn’ ce’ ) 
| Ree| Py Ey — E — (i/2)T)/ \ Ey — E — (é/2)T 





i The?’ Vre?? 
» (Ey, — £)* + (1/2)? 


A secondary assumption is generally made, either explicitly or implicitly, 
that the y-? show no gross energy dependence on £). This is not absolutely 
necessary: Y,¢ could be assumed to have random sign fluctuations but to 
have a magnitude correlated with Z,. Such an assumption is rather artificial, 
however, and it seems more in the spirit of the extreme statistical model to 
take 7,- independent of energy except for random fluctuations. 

The statistical model refers only to the compound nucleus, and for elastic 
scattering the compound nucleus contribution is given by a form like 62 
with c’ =c. In this case the primary statistical assumption of random signs 
for Y,c and Yy’c is of no consequence, since only positive quantities y.? occur. 
The only relevant statistical assumption is the secondary one that 7.2 is 
independent of Z,. This leads to the “‘continuum model” (46), in which the 
total nuclear cross section for compound nucleus formation (with incident 
neutrons) is a monotonically decreasing function of the incident energy 
(equation 68). 

Under the statistical assumption all nuclear cross sections can be deter- 
mined from the general quantum mechanical requirement of reciprocity or 
detailed balance (1). The primary statistical assumption implies a complete 
separation of the production and decay processes for the compound nucleus. 
The compound system is formed and remains throughout its lifetime in a 
chaotic state, the properties of which depend only on the excitation energy 
and not on the mode of formation. The probability of forming the compound 
nucleus through the entrance channel c is T, (equation 23). If we could pro- 
duce the same compound nucleus through channel c’ (this is generally im- 
possible in practice, since at least one of the particles in c’ will be in an excited 
state), the probability of formation would T,, calculable in exactly the same 
way as T,. One aspect of reciprocity is the fact that the transmission coeffi- 
cient of any channel is identical in both directions, for decay and forma- 
tion of the compound nucleus. Thus the relative probability of decay 
through any channel ¢c’ is Ty. 

To obtain the cross section for any nuclear reaction, we must take account 
of competition among the many possible decay channels for the compound 
nucleus (1). In general, we only wish to distinguish the kind of particle (”, 
p, a, etc.) emitted and its energy; many channels c’ will be lumped together 
under this crude classification. We perform this summation over many 
channels by introducing w,(E,), the density of channels for particle c’ per 
unit excitation energy E, of the residual nucleus. Then the relative probabil- 
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ity of emitting particle c’ in the range of channel kinetic energy dE, = —dE, 
is 
T ee" (E,)dEe 63. 


To normalize these probabilities, we compute the ‘‘total transmission” 
B(C)~Be, 


eb J T eae(E,)dE¢! 64. 


where E(C) is the energy of the compound nucleus and B, is threshold energy 
for the channel c’. The cross section for the reaction cc’, with c’ in the ener- 
gy range dE, is then 

T 


Te 
AG pct = > (21 + yr} T wo(E.) take 


k? l t 
Te 

= ¢,(C) —w-' (Ez) tag. 
T: 


In this expression the }-; is explicit for the entrance channel only. For the 
exit channel the sum over all / is already implied: 


ker? 
Te =D) (4+ 1)T et = —oe(C) -. 
1 T 


Inserting equation 66 in equation 65 yields 
Ret *aer( 


Cc 
rn a bowdBe 
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Geet = o-(C) 


E(C)-B,, 
Fea xf hero (C)we (Ez)dEo 
c 0 


If we now make the secondary assumption that 7.’ varies with energy 
only because of factors external to the nuclear radius a, then Ty =const 
xX P.'. The resultant o.(C) have the classical form (47) 


2Ze"/(a + “oo 
Ee 


where zZe* is the product of particle charges in channel c’. These forms can 
be refined by calculating the wave mechanical P,-! explicitly (47). 

Level densities —Actual calculation of o--¢ depends on the level density 
function w(Z,). This has been estimated by statistical mechanical procedures 
(2, 32, 48 to 51); various authors differ somewhat in the details, but the 
gross features are always the same. The nucleus is regarded as a Fermi gas 
of independent particles. The level density w of this system and its excitation 
energy £, are both expressed in terms of a parameter T, which by analogy 
is called the “‘temperature”’ of the nucleus. Of course the levels of the nucleus 
are not those of independent particles, but the interactions between nucleons 
are not expected to alter the average level densities. The dominant term of 
the level density is the exponential 


w~ eSlEz) 69. 


68. 





ov (C) = (a+ ke)? [1 - 
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where S is the ‘“‘entropy,’” and 1/T=0S/0E, (T is in energy units so that 
Boltzmann’s constant does not appear explicitly). All treatments also con- 
clude that the dominant dependence of S should be 


S ~ (AE;)¥2 70. 


where A is the number of nucleons in the nucleus. The nuclear ‘“‘tempera- 
tures” expected for incident particle energies up to 50 Mev. range roughly 
over T~1—4 Mev. (50). 

The calculation of w appears to be one of the more satisfactory features 
of the theory of nuclear reactions. Given a nucleus in a statistical state, the 
formulae 65 to 70 presumably apply (49, 50). The discrepancies with experi- 
ment seem more likely to be attributable to nonrealization of the statistical 
conditions than to serious errors in the expressions for w. 


COMPARISON WITH EXPERIMENT: ELASTIC AND TOTAL Cross SECTIONS 


Total neutron cross sections—The first experiments failing to verify the 
predictions of the statistical model were the total cross section measurements 
for neutrons in the range 0 to 3 Mev. (6 to 9). The cross sections did not 
always fall monotonically with increasing neutron energy, and the energy 
variation followed a smooth pattern with A. Figure 3 represents® a three- 
dimensional plot of o, against E, and A. The major features of this plot are 
reproduced by an optical model (28) in which the nucleus is replaced by a 
square potential well of radius and depth 


a = 7A'3, ro = 1.45 K 10-4 cm. 
V=—Vo(l+it),  Vo=42 Mev.,¢ = 0.03 


71. 


The cross sections calculated with parameters 71 are shown in Figure 4. 
The letters S, P, D, - + - , denote the orbital angular momenta of the neu- 
trons responsible for the corresponding peaks in the cross section. The agree- 
ment between Figures 3 and 4 is generally quite striking and lends strong 
support to the model and to the (approximate) parameters in equation 71. 

It is, in fact, possible to deduce the values of Vo and W={Vpo from the 
known parameters of nucleon-nucleon forces. A detailed treatment using 
Uo of equation 57 for the near-ground states of a nucleus (52) indicates a 
value of Vo on the order of 35 Mev.; and the calculation of W from equa- 
tions 47 and 48 (53) leads to W~2 Mev. at low-incident energies. The 
value of ro in equation 71 is rather larger than 1.2 X10~ cm. indicated by 
electromagnetic experiments, but a recent analysis (54) has indicated that 
a better fit to the neutron data at about 4 Mev. is obtained by taking 


a= roA 1/8 -f bn 
ro = 1.26 X 10-* cm., bn = 0.7 XK 10-8 cm. 


72. 


which is much more consistent with the electromagnetic measurements. 
The angular distributions of elastic neutron scattering have been meas- 
ured at E,=1 Mev. (54). The calculated angular distributions are somewhat 


6 In both Figures 3 and 4 the energy scale is in units of (ka)? =2 Mr2A?/8E,,/f?. 
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uncertain because of the difficulty with the compound elastic cross section. 
In spite of the flexibility allowed by this uncertainty, the agreement between 
theory and experiment is somewhat less satisfactory than for the total cross 
sections. The calculations have been based on the convenient but unrealistic 
model of a square well with perfectly sharp edges; allowing some smear of 
the boundary region of Vo might appreciably alter the calculated angular 
distribution. This has been found in the case of elastic proton scattering at 
E,=18 Mev. (see below), but corresponding calculations for low-energy 
neutrons have not been reported. 

Separate measurements of the neutron absorption cross section in this 
low energy range have been reported only in a preliminary fashion (55) and 
do not agree particularly well with the model parameters used for the total 
cross sections. Here again edge effects may be of importance. 

Reduced widths and strength function An independent means of checking 
the optical model at low energies is through direct measurement of I, for a 
number of isolated resonances and the calculation of ([,/D) or hence s(£). 
Such measurements have been collected in the region near A ~150 (56) and 
near A ~50 (57). The experimental quantity plotted against A is ([',°)/(D), 
where I',°=I,/(E,)"/? to remove the energy-dependent factor present in 
P,, but not in s(Z). In both regions (I',°)/(D), shows a maximum as a func- 
tion of A: a pronounced peak at A ~52, and a less well-defined one at A ~160 
to 165. Fitting these maxima to formula 17, we have 


2MVo 


h? 


a? = (p — 1/2)x? 


73. 
a = r7AV3 + Bb, 


where p=3, 4 for A =52, 160 to 65. If Vo is a constant, the ratio b,/ro is deter- 
mined by the A’s for p=3 and p=4 and turns out to be 


bn/ro* 0.6 74. 


which is compatible with equation 72. From the absolute A values of the 
maxima, it follows that 


ro°?Vo = 67 Mev. X 10-*6 cm.? 75. 


so that Vp =40 to 47 Mev. as ro varies in the range 1.3 to 1.2 10~* cm. The 
peaks of (I',°)/(D) as a function of A should be proportional in width to 
¢=(W/V>) and in height to 1/f. Although the estimates of { made by these 
means from present data may be unreliable, they show some discrepancies: 
the apparent peak height at p=4 is better fitted by §~0.05 than by ¢ =0.03 
as in equation 71; the peak height of p=3 seems on the other hand to require 
¢ <0.02. The widths of both peaks suggest values on the order of ¢~0.1. 
These fluctuations may be in part attributable to the fact that the shape 
of the nuclear well is badly approximated as a well sharply cut off at radius 
a (58). Information about ¢ as also provided in principle by the values of 
(T’,°)/(D) at the minima between the peaks. These minimum values should 
be approximately proportional to ¢ and are expected at A ~ 25, 95, 240 (28). 

Energy dependence of optical potentials Measurements of neutron cross 
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sections at incident energies 23 Mev. are rather sporadic but give some indi- 
cation of the variation with energy of the optical model parameters, Vo and 
W. Angular distributions of elastically-scattered neutrons E,=4.1 Mev. 
(59) appear to require for an optical model fit (60) about the same Vo and a 
as in equation 71, but with a considerably larger [, say of order 0.1 .At this 
energy the compound elastic scattering is considered to be negligible for most 
nuclei, so that the calculated angular distribution is based on o,(S) alone. 
A large value of ¢ is also suggested by the relatively smooth angular distribu- 
tions reported at E,=3.7 Mev. (61). 

There is some coverage of neutron cross sections up to E,~20 Mev. 
(62 to 69). Fits to the total and absorption cross section as a function of A, 
and to the angular distributions (70) from C, Al, Cu, Sn, and Pb have been 
made at Z, =14 Mev. (71) with the parameters 


Vo = — (42 + 117) Mev. r S 1.22A18 
— 36 Mev. 1.22A"3 <r S 1.22413 + 0.74 76. 
= 0 r > 1.22A% + 0.74 


where ¢ is in units of 10-“ cm. There is a gap in the measurements from 
about 20 to 40 Mev; but for selected targets the total cross sections for neu- 
trons have been observed over the range 40 to 100 Mev. (72, 73, 74). When 
plotted against a logarithmic energy scale (75), these cross sections show pro- 
nounced and systematic fluctuations. No completely consistent analysis has 
been made of these curves of the whole energy range from 0 to 100 Mev., 


but an optical model analysis has been made of the high energy end (76). 

It is not yet possible to draw more than rather qualitative conclusions 
about the energy dependence of Vo and A (or W). It appears that as E, 
ranges from 0 to 100 Mev., the magnitude of Vo decreases from ~40 to ~20 
Mev.; the decrease appears at present to be fairly uniform, although this is 
uncertain. The behavior of \ at low energies is very striking, and can be very 
crudely represented by 


A= (3.5 + 20e — E/2) X 10-* cm. . B 


where E£ is the incident nucleon energy in Mev. The coefficient 3.5 in equation 
77 is slightly energy-dependent and increases gradually by a factor of about 
1.5 as E ranges up to 100 Mev. (See Figure 2.) The strongly energy-depend- 
ent part of X represents the great increase at low energies effected by the 
exclusion principle. 

Proton scattering.—Angular distribution measurements have also been 
reported for elastic proton scattering (77 to 85). Such charged particle meas- 
urements should in principle be capable of higher precision than those with 
neutrons. They have an additional advantage in the interference with 
Coulomb scattering, which provides an absolute calibration of the nuclear 
scattering amplitude. Proton elastic scattering therefore seems best suited 
to reveal finer details of the effective nuclear potential well. It has already 
shown, for example, that the well cannot have the physically unrealistic 
sharp edge. A striking feature of the experimental angular distributions for 
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E,=18 to 22 Mev. on medium and heavy elements is the extremely low 
differential cross sections in the backwards directions (82, 83). Exact calcula- 
tions on a square well model for Cu (87) were unable to reproduce this low 
backscattering, although the square well model is not in such serious disagree- 
ment for a light nucleus like Al (83), where the backscattering is relatively 
high. On the other hand, the use of rounded corners at the edge of the po- 
tential well (88), according to the formula 


iar aagcon (Vo + iW) 


i+ e(r—a)lb 


2b = 0.7 K 10-%cm. 78. 


gives much better agreement with the experimental results for Ni and even 
for a heavy element like Pt. The comparison of the square and rounded edge 
models for Pt is shown in Figure 5. 

A qualitative interpretation of the dependence on potential shape may 
be found in terms of the optical model. In the crudest form of the optical 
model (Fig. 6a) the rays pass without deviating through the region of the 
potential, and the entire cross section is computed from their change of 
phase on this passage. No account is taken of refraction and reflection at the 
edges of the potential. It is not difficult to take refraction also into account, 
as shown in Figure 6b for an attractive potential. The refractive effect is a 


0 (8) 
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Fic. 5. Calculated elastic scattering of 22 Mev. protons on Pt (88): curve A is for 
a potential of the shape shown, curve B for a comparable square well with sharp edges. 
The dashed line shows the experimental curve (82). 
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maximum for a potential with sharp edges, and even in this case it is generally 
insufficient to give any substantial backscattering, as suggested in Figure 6b. 
The major contributions to backscattering must come from the neglected 
reflections at the front and back surfaces of the potential. At E,=18 to 22 
Mev. the optical mean free path A is near its minimum, so that for a large 
nucleus only reflection at the back surface need be considered; reflected 
waves from the front surface will be substantially absorbed and can be in 
first approximation neglected. The reflection coefficient of a surface is known 
to be a maximum if this surface is sharp, and to decrease to zero for an in- 
finitely diffuse surface. The difference between curves A and B in Figure 5 
is thus attributed to the difference in reflection coefficients of the sharp ver- 
sus the diffuse back surface of the nucleus. 


Pa 
[ \ 
\ | 
a 
(a) (b) 


Fic. 6. Optical model (a) without refraction or reflection at the boundaries; 
(b) with refraction, without reflection. 




















Light nuclei, on the other hand, are small enough to be fairly transparent, 
so that the backscattering is the result of multiple internal reflections in the 
nucleus including both front and back surfaces. For such multiple-reflective 
processes the properties of the individual surfaces are apparently less critical, 
so that the backscattering with rounded potential edges may be to some ex- 
tent reproduced by square edges as well. 

The general validity of the optical approach in treating these phenomena 
is nicely borne out by comparison (Fig. 7) of the positions of successive maxi- 
ma and minima throughout the periodic table (82). The angular position 6 
of any particular maximum or minimum varies as 


6@~ AMS 79. 


usually within the experimental error. This is roughly in accordance with the 
diffraction theory from an optical sphere (neglecting Coulomb interference), 
for which the maxima and minima are defined by 


ka sin 6/2 = const 80. 


If @ is not too large, sin 0/2~0/2; since k=(2ME,/h’)"? is a constant for 
the experiments, and a=179A"’%, equation 80 is equivalent to the proportion- 
ality 79. The curves in Figure 7 also show a systematic dependence on A of 
the backscattering (relative to Rutherford scattering); it is large in the light- 
est elements (Be, C) and progressively diminishes, becoming small in the 
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Fic. 7. Elastic scattering of 22 Mev. protons relative to Rutherford scatter- 
ing throughout the periodic table (82). 
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heaviest elements (Pt, Th). This behavior illustrates graphically the reduc- 
tion of backscattering from any but the back surface of the nucleus as the 
nuclear dimensions become large. 

Spin-orbit coupling. —The calculated angular distributions for 20 Mev. 
protons and 14 Mev. neutrons have sharper minima than are observed even 
in experiments with good angular resolution. This may be attributed (71) 
at least in part to the presence of a spin-orbit term 


6: LVi,(r) 81. 


in the optical potential. In any scattering process the vector L will be per- 
pendicular to the scattering plane formed by the incident and emergent 
particle direction. If we quantize 6 along the direction of L, the spin-orbit 
coupling 81 will not flip the spin direction during the scattering process. 
The total scattering cross section is the sum of separate, noninterfering cross 
sections for “spin up” and “‘spin down” particles. Because of the potential 
81, however, the spin up and spin down particles encounter slightly differ- 
ent potentials in the nucleus, so that the cross section curves for the two 
varieties of spin are not identical. In particular, they will in general have 
their minima at neighboring but not identical angles, so that the composite 
total cross section will have broader and shallower minima than occur for a 
calculation with a single potential. 

More details of this spin-orbit coupling would presumably be revealed 
if polarization (i.e., double scattering) measurements should become possible 
in this energy region. The polarization should show a striking dispersion 
curve as the angle of observation passes through one of the minima in the 
scattering cross section. It is unfortunate that the most interesting polarization 
effects occur in the regions of minimum absolute cross sections. The only 
direct measurements of polarization so far have been with neutrons at 
E,=0.4 Mev. (89). According to Figure 4, p-wave scattering should be pre- 
dominant at this energy in the vicinity of A = 100, so that spin-orbit coupling 
could be observed. The measurements indicate a spin-orbit potential of the 
same sign and approximate magnitude as that in the shell model; a more 
precise statement is not possible at present. 

Complex particles——The optical model should also be relevant for the 
elastic scattering of more complex particles, although to date there is very 
little experimental information on this subject (90, 91, 92). The only optical- 
type analysis (93) has been approximate but indicates that the model is 
applicable to a-particle scattering. Two interesting features result from this 
analysis: the imaginary part W of the optical potential for a-particles in- 
creases rapidly with incident energy up to E, =40 Mev.; and the magnitude 
of W attains much larger values than for neutrons and protons. Using the 
quoted (93) values Wo=30 Mev. for Ez=40 Mev., 0=60°, we obtain an 
optical mean free path for the a-particle of \,~0.6 X10 cm. This value may 
be a little too small: to judge from the published curves (93), a choice of 
Vo~40 Mev. in harmony with neutron and proton scattering would lower 
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Woto around 20 Mev.,and the mean free path would increase toAg = 1.0 X10-" 
cm. These mean free paths are roughly in accord with a very simple picture. 
If the four nucleons in an a-particle do not interfere with each other in pass- 
ing through the nucleus, the probability that any one of them will be ab- 
sorbed is four times as great as for a single nucleon. Since absorption of any 
nucleon from the a-particle means its destruction as an entity, its mean free 
path for ‘‘optical absorption” would be 


Na = 1/4A 82. 


The average energy of translation per nucleon in a 40 Mev. a-particle is 10 
Mev., at which energy \~ 3.6 X10-" cm., so that the observed Aq are consist- 
ent with equation 82. The rapid decrease of W for a energies below 40 Mev. 
(93) reflects the increase of \ with decreasing energy. Of course a more re- 
fined consideration is needed, especially on the question of how to take the 
binding energy of the a-particle into account. 

It would be desirable in this connection to have experiments from which 
to establish directly the appropriate potentials V, and W, for the heavy 
particles h. Cyclotron measurements of the angular distribution in elastic 
a-scattering on heavy elements (92) do not show a very strong structure of 
peaks and valleys because of damping by the large absorption coefficient 
and the relatively narrow spacing of the pattern for so large a value of RR. 
Elastic a-scattering from light elements is more promising; Al shows a well 
resolved peak structure in the elastic do/dQ for 20 Mev. a’s (94). 


COMPARISON WITH EXPERIMENT: NUCLEAR REACTIONS 


Under ‘‘reactions’’ we include every process except elastic scattering. 
As indicated in the section on Optical and Statistical Models, there are at 
least two extreme approaches to the interpretation of nuclear reactions, the 
respective optical and statistical models. Unfortunately, a successful model of 
nuclear reactions is not at present available: the predictions of the statistical 
model (1), though simple and general and thoroughly worked out, show sub- 
stantial deviations from recent detailed measurements. The optical model, 
on the other hand, has not yet been completely explored theoretically, es- 
pecially in its application to reactions. It has the difficulty that it will cer- 
tainly involve the knowledge of more specific and variable parameters than 
enter into the statistical model. Almost entirely open at present is the further 
question of whether any simple scheme can be found for combining the opti- 
cal and statistical models in cases (presumably the great majority) where the 
true situation lies somewhere between these extremes. In the absence of a 
reliable and well-implemented model for nuclear reactions, the discussions 
of the present section will be of a rather qualitative and preliminary char- 
acter. 

The optical and statistical components of a given reaction have different 
angular and energy distributions. The optical components always tend to 
asymmetric distributions peaked in the forward direction (95, 96, 97), es- 
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pecially at high energies: since only a few target nucleons at most are involved 
in a “direct” reaction of this type, the forward momentum of the incident 
particle produces forward peaking of the reaction products. The angular 
distribution of the statistical component, on the other hand, is symmetrical 
about 90°. 

Optical effects on the energy distribution of reaction components are a 
little more varied. There is first of all the tendency to reaction products of 
high energy, produced in a ‘“‘knock-on’’ process without much sharing of 
energy with other nucleons in the nucleus. In addition, the exceptional trans- 
parency of nuclear matter in the region a few Mev. above the energetic thresh- 
old enhances “leakage’’ of nucleons in this energy region. Thus even if 
the knock-on processes leave behind a certain amount of excitation energy 
in the nucleus, this energy will tend to leak out as low-energy nucleon emis- 
sion before being shared among all the nucleons to establish the statistical 
state. Optical effects thus modify the energy distribution expected from the 
statistical model by emphasizing both high and low energies. 

Angular distributions from individual levels —Among low-lying levels and 
light nuclei are some fortunate cases where the reaction products corre- 
sponding to a single energy level of the residual nucleus can be resolved. Then 
only the angular distribution is a matter for consideration and provides an 
immediate, qualitative evaluation of optical versus statistical components for 
the reaction. The part of the distribution with forward-and-back symmetry 
can be labeled “‘statistical,’’ and the forward-peaked component “‘optical.’’ 
This is a very crude method of distinction and is probably subject to refine- 
ment but may serve as a zeroth approximation. The angular distribution of 
10 Mev. (p, p’) scattering to the first excited state (1.38 Mev.) of Mg” 
provides an opportunity for this type of analysis (84). In this case the optical 
(‘direct collision’’) component approaches the statistical (‘‘compound 
nucleus’’) in intensity. These relative intensities appear to vary quite widely 
from one reaction to another: the inelastic scattering of 10 Mev. protons to 
the first excited states of C' (84), N™ (85), and Ne”® (86) appears to be large- 
ly symmetrical, while that to excited states in A (86) and Fe (98) shows an 
appreciable forward asymmetry. 

A crude interpretation of this variation is in terms of the “similarity”’ 
or its absence between the wave functions of the ground and excited levels 
of the residual nucleus. As mentioned in the section on Optical and Statistical 
Models, the optical inelastic reaction is essentially the part that occurs by 
rearrangement of only one nucleon in the transition from initial to final 
nuclear states. Thus if these states are very similar, the optical component 
will be large; it will be small if they are dissimilar, i.e., described by wave func- 
tions that differ mainly by several single-particle orbitals. 

A type of reaction that should proceed predominantly through the opti- 
cal component is inelastic deuteron scattering (d, d’). In the statistical model 
the loosely-bound deuteron is very unlikely to hold together through a reac- 
tion; in the optical model it is comparable to a single nucleon in inelastic 
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scattering, although somewhat more liable to absorption in passing through 
the nucleus. This reaction has been reported on C (91, 99), where the 4.4 
Mev. and 9.6 Mev. levels have been observed, but not that at 7.5 to 7.6 Mev. 
This would suggest that the two observed levels are similar to the ground 
state, the one at 7.5 Mev. dissimilar. This is confirmed by the inelastic scat- 
tering of high energy (96 Mev.) protons on C (100). The conditions of a fast 
incident particle on a small nucleus seem considerably to favor optical over 
statistical processes: again only the 4.4 and 9.6 Mev. levels appear, and the 
7.5 Mev. level is absent. The optical component of the 0 to 1.38 Mev. transi- 
tion in Mg” also reveals itself in (d, d’) scattering (101). 

The same distinction of similar versus dissimilar configurations may be 
useful in considering some (d, p) and (d, m) reaction results. These reactions 
are generally considered to proceed mainly by “stripping” which is calcu- 
lated on a purely optical basis (95), and shows the usual forward peaking. 
If, however, the components of initial and final nuclear states that differ by 
only one nucleon orbital form a relatively small fraction of the initial and 
final configurations, the simple stripping calculation will not be very applica- 
ble. The statistical contribution to the reaction might then be dominant, 
leading to a p or m distribution symmetrical about 90°. Recently (d, p) 
angular distributions more in accord with statistical than with stripping 
theory have been reported (102, 103) in B and Ni, although the stripping 
peaks are found in a majority of cases so far investigated (45). It is of inter- 
est to note that the one reported case of symmetry (in fact, isotropy) in (d, 
n) angular distributions (104) occurs for B"(d, m) C!* leading to the 7.5 Mev. 
state of C, while the reactions leading to the ground, 4.4 Mev., and 9.6 Mev. 
states all show stripping peaks. 

Individual nuclear levels are also singled out in isomeric state excitation 
by inelastic (neutron) scattering (105, 106, 107). Since the isomeric and 
ground states are well described by the simple shell model, they might be 
expected to be very similar in the sense of the present discussion. The same 
is true of the levels above the isomeric state that feed it by cascade gamma 
emission after the inelastic scattering. One would therefore expect to see 
appreciable forward peaking in the inelastically scattered neutrons. Iso- 
meric states are not favorable for coincidence measurements, but the recent 
extension (108) to inelastic scattering to low, nonisomeric states makes neu- 
tron angular distributions not inconceivable. The excitation functions meas- 
ured are in general agreement with statistical theory (36, 109); itis not known, 
however, to what extent these differ from excitation functions that could be 
calculated on the optical model. It can also be argued that the angular dis- 
tribution would be a more sensitive means of detecting a mixture of optical 
and statistical components than the excitation functions. 

Charged particle yields —Reaction measurements on medium and heavy 
nuclei at moderate excitations and higher cannot distinguish individual levels 
in the residual nucleus. In this case the optical model is most conveniently 
represented in terms of individual free nucleons in a Fermi well. The reaction 
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is envisioned as a ‘‘Monte Carlo’’ process (11), in which energy is transferred 
by nucleon-nucleon collisions, taking into account the exclusion principle. 
Some of these knock-on nucleons will escape directly from the nucleus; these 
constitute the “optical component”’ of the reaction, with characteristic high 
energies and forward angular distribution. The nucleons that do not escape 
but fall below the binding energy threshold B of about 8 Mev. contribute 
their excitation energy (<B) to the statistical mode, since they have no 
appreciable chance of escaping during the energy distribution process. This 
model has been used satisfactorily at high incident proton energies of 300 to 
400 Mev. (110) and <100 Mev. (111); the extension of the optical domain 
down to zero incident energy implies that such a Monte Carlo approach 
should be useful for reactions at any energy. Its chief drawback is the numer- 
ical labor involved in obtaining specific results for any particular reaction; 
but this is characteristic of the optical model. 

At intermediate energies the reactions that display the knock-on optical 
component most clearly are those involving the emission of charged particles, 
particularly from heavy elements. Because of the Coulomb barrier the 
kinetic energy of escaping charged particles must generally exceed the barrier 
energy Bz=zZe?/a. On the statistical model, however, the average kinetic 
energy available for emission is of order T, where T is the nuclear tempera- 
ture in Mev. For heavy nuclei T~1 Mev., Bz >10 Mev., so that TK Bz. The 
emission of charged particles relative to neutrons is reduced by a factor of 
order f./fn~e~2271 for heavy elements. For light elements Bz is smaller 
and T is larger, so that f./f, may not be extremely small; even for heavy 
elements this ratio is mitigated somewhat by Coulomb barrier penetration, 
which means that Bz is replaced by an effective Bz’ <Bz. The fc/fn calcu- 
lated from the statistical model can still be as small as, say, 10~*. The knock- 
on processes generally yield particles with energies E > Bz and do not dis- 
criminate strongly between neutrons and charged particles. Thus a yield of 
charged particles substantially in excess of the small statistical f./fn is evi- 
dence for the optical component. 

The first experimental evidence of this type was provided by y-induced 
reactions (112) at 17 Mev., where the (y, p)/(y, ”) ratio around Z=50 was 
of order 10? times the statistical f./f,. Subsequent studies with (n, p) reac- 
tions (113, 114) induced by 14 Mev. neutrons showed similar results. The 
proton yield ratio Y, (observed)/Y,(statistical) shows a systematic in- 
crease with Z, averaging around 1 for lighter elements and approaching 10 
for the heaviest elements. This corresponds to the fact that Y, (statistical) 
falls off rather sharply as Z increases past Z~40, while the observed cross 
sections fall off much more slowly because of the knock-on particles. The 
large Y, (obs.)/ Y, (stat.) ratio does not necessarily imply that this optical 
component is very large: it could amount in some cases to only a few per cent 
of the total reaction cross section and still make for a large ratio, since Y, 
(stat.) is so exceedingly small. 

The optical or direct component appears very graphically in measure- 
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ments of inelastic protons from (p, p’) processes at 30 Mev. (115, 116). 
The authors point out that three features of the observations indicate a 
strong optical component: the ’ energy distribution is more uniform and 
hence has a higher average value than that predicted statistically; the p’ 
angular distribution has a definite forward bias at all energies; the total p’ 
yield is an order of magnitude larger than the statistical calculation allows. 
This factor of increase in the cross section applies even to the protons emitted 
at 135° to the incident beam, implying (116) that these protons are mainly 
the result of a small Monte Carlo cascade. The model is used of direct colli- 
sions in the ‘‘rim’’ of the nucleus, with a black interior where the statistical 
model holds. A consistent optical picture would be quite similar in effect, 
though not identical: the incident and struck nucleon wave functions should 
be those of free particles throughout the entire volume of the nucleus. Since, 
however, the effective nucleon potential at 10 to 30 Mev. excitation has a 
large imaginary component, these free-particle wave functions will have a 
radial dependence rather like sinh (r/A) and will tend to be concentrated 
mostly near the nuclear surface. 

The cross sections for production of a-particles by (, a) at 14 Mev. 
(114) shows the same qualitative features as the (m, p) cross section. The 
ratio Y, (observed)/ Y, (statistical) increases from ~1 at low Z to ~104 at 
the highest Z. The explanation again presumably involves a direct collision 
process. This seems to imply that a-particles have a definite if transitory 
existence as sub-groups in the nucleus. This is already implied by equation 
81: at very low energies the nucleon mean free path is extremely long, which 
makes for the validity of the shell model; the mean free path A, before an a- 
particle grouping dissociates may be only one-fourth as long, but this can 
still be several times the nuclear radius. 

Of course the Y. (obs). may represent only a small fraction of the total 
reaction yield from neutron bombardment and still exceed by orders of mag- 
nitude the calculated Y, (stat.). The knock-on a-particles must come from 
regions near the edge of the nucleus, for after collision they have high kinetic 
energies and extremely short mean free paths. 

The inadequacy of the statistical model is also indicated by measure- 
ments of relative reaction yields as a function of the incident particle. Ac- 
cording to the statistical model a given yield ratio like f,/f, should depend 
only on the excitation energy of the nucleus and not on its mode of formation. 
Studies of the ratio between (p, pm) and (p, 2) yields (117, 118) as compared 
with (, ») cross sections (114) indicate that the tendency for proton emis- 
sion is enhanced by an order of magnitude or more if the incident particle is a 
proton instead of a neutron. This contradicts the statistical model, but is at 
least qualitatively in accord with the optical model: the incident proton is 
predominantly emitted after one or a few inelastic collisions in the nucleus, 
so that (p, pm) is greatly enhanced. With incident neutrons re-emission of the 
incident particle is equally predominant but does not contribute to (n, p). 

Inelastic energy distributions —Detailed studies of the energy distribution 
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resulting from inelastic proton scattering at 18 Mev. (119) have shown two 
discrepancies with the statistical model: not only are the scattered protons 
concentrated too much at high energies, but they are also excessively abun- 
dant at low energies. These deviations are usually expressed with reference 
to the statistical predictions. If the statistical formula 67 is assumed correct 
and equations 69 and 70 inserted, we have 


In opp’ — In >, (21+ 1) Tp! + const. = Inw(E,) ~ E,"/? 83. 
l 


Here the constant on the left hand side involves quantities like F and 
o-(C) of equation 67 which do not vary in the experiments considered. 
Figure 8 shows the experimental points for Cu at 60° and 150° relative to the 
incident beam. For comparison is shown a curve varying as Z,"/. Although 
the scale factor and zero position of the E,"/? curve are not determined, there 
can be little doubt that the experimental points for low energy of the emitted 
protons (plotted as e in Fig. 8) follow a curve of different shape from E,"/. 
A good approximation to the experimental points at low energy is in fact a 
simple linear variation as EZ, or as €. 

The deviation of the measured points at high e from the curve in Figure 8 
is qualitatively just as expected from single collisions in the optical model: 
the products, either knock-ons or the incident proton of slightly degraded 
energy, have much higher energies than probable in the statistical model. 
This “‘high-energy tail’’ of the distribution should have a predominantly for- 
ward direction on the single-collision model; this is borne out in Figure 8 
and in similar measurements on other elements throughout the periodic table 
(119). There seems to be no difficulty about associating the high-energy tail 
with a “direct collision’’ optical component. 

The low-energy (in terms of €) portion of Figure 8 is more difficult to un- 
derstand. It does not appear to show significant variation with angle and is 
therefore not associated with single collisicns. If the linear dependence on 
E, is expressed in the form 


w ~ eFx/T 84, 


the associated ‘‘temperature” T is on the order of 1 Mev. for all elements 
studied; it decreases only slightly from Al to Pt and has certainly nothing 
of the T~A™-? character suggested by equation 70. Furthermore, the de- 
pendence of equation 84 on EZ, should more properly be replaced (119) by a 
dependence on e, 


om e¢iT 85. 


This is seen by comparing the curves of (log w-const) at low e for different 
incident energies Z,. Figure 9 shows the comparison for E, =18 and E,=16 
Mev. The values of the constant in equation 83 should be essentially the same 
in both cases, so that Figure 9 actually compares log w for the two cases. It 
appears that w is a function of € alone, not of E,=(E,—€). 

No satisfactory explanation is yet available for the anomalous behavior 





INTERMEDIATE ENERGY HEAVY PARTICLES 


Cu 





W (relative) 








Excitation Energy in Mev 


fe) 8 6 4 2 0 
1 1 ! ! 1 j 


8 10 12 14 16 ig 
€ Mev 








Fic. 8. Inelastic proton scattering from Cu (119). The 
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described by equation 85. The preceding discussion, however, has empha- 
sized the necessity for considering optical or direct-collision components as 
major contributions to nuclear reactions. It is tempting to look for interpreta- 
tions of equation 85 along the same general lines. For example, the validity 
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of the optical model down to the very lowest energies implies that all reac- 
tions should be calculated by following a Monte Carlo scheme until none of 
the residual nucleons can escape because their kinetic energies above the top 
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Fic. 9. Comparison of inelastic proton scattering from 
Ag at EZ, =16 and 18 Mev. (119). 


of the Fermi well are all below the nucleon binding energy B. Only the 
energy of these residual nucleons will evenutally be randomly distributed 
and contribute to the statistical component of the reaction. During the proc- 
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ess of degradation in the nucleus, the nucleons pass through an energy region 
where they have still enough energy to escape as free particles, and their 
mean free path in the nucleus becomes very long because of the Pauli princi- 
ple. The nucleons are therefore especially likely to escape through this trans- 
parent ‘“‘window”’ during the cascade process. This escape will have the quali- 
tative features of equation 85: it is a function of the particle energy above the 
top of the Fermi well or hence above the threshold for emission; it is a gross 
feature of nuclear matter regarded in the optical approximation and should 
be much the same for any nucleus; it happens during a cascade process after 
several collisions and therefore does not show a strong forward angular de- 
pendence. 

An extremely crude estimate of the window effect is obtained by noting 
that when the mean free path of a nucleon is a, the nuclear radius, the 
probability of escape from the nucleus is ~X. If for \ we insert equation 77, 
the dominant term in the nucleon escape probability will have the form 85. 
Actually, the constants in equation 77 do not seem quite appropriate to 
yield equation 85; but a much more careful calculation is required, including 
the modifications necessary in equation 77 for protons. Because of the lower 
average binding energy for protons the exponential in equation 77 should 
probably be dominant up to higher energies. For very heavy elements, 
however, the region where equation 85 applies would be practically lost be- 
cause of the high Coulomb barrier. Something of the sort indeed seems to be 
happening for Pt (119). 

The emission of neutrons from (p, ”) (120) and (n, 2’) (121 to 125) re- 
actions induced in the same energy range appears to show the same type of 
behavior in the regions of low e. In the absence of the Coulomb barrier, the 
domain of equation 77 is of order e~0 to 4 Mev. for neutrons as compared 
with e~5 to 8 Mev. for protons (119). The neutron results are complicated 
by the possible presence of appreciable (2) emission. There is also prelimi- 
nary evidence (126) for a forward peaked high-energy tail in the neutron 
distribution, resulting from direct collisions. 

It should be noted that even the statistical state of the nucleus, left be- 
hind after all the cascade particles have escaped, will be subject to the win- 
dow effect. Particle emission from a statistical state occurs only through 
fluctuations that concentrate much of the available energy on a single par- 
ticle. When this happens, however, the favored particle may be regarded as 
beginning a new cascade, during which it is especially likely to escape at 
energies where J is long. 

Ideal statistical conditions—Under what conditions, if any, will the statis- 
tical model be strictly valid? If the total excitation energy in residual 
particles after the cascade is sufficiently high, then there will be vacancies at 
all energies in the levels of the Fermi well and the effect of the exclusion 
principle will be much reduced. If, for example, the nuclear temperature is as 
high as 7 Mev. (127), the nucleon mean free path will be very short at all low 
and intermediate energies. The window effect will be absent, and the condi- 
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tions should be suitable for maintenance of a statistical energy distribution 
with the gradual boiling off of particles. These conditions are found in nuclear 
stars in emulsion initiated by cosmic rays or bombardment by particles from 
high energy accelerators. After subtraction of the knock-on tracks as indi- 
cated by a Monte Carlo calculation (110), the remaining tracks can be inter- 
preted satisfactorily in terms of the statistical model (49, 50). In some of these 
cases an excessive number of low-energy charged particles have been observed 
(49, 128), which might indicate that the temperature is not always high 
enough to eliminate the window effect. 

A possible interpretation of equation 84 in thermodynamic language ap- 
propriate to the statistical model involves the idea of a phase change in 
nuclear matter (129, 130). Then T~1 Mev. is the characteristic temperature 
at which nuclear matter “melts’’; it will be the temperature observed for 
all partially melted nuclei, regardless of Ez and A. The full implications 
of this notion have yet to be worked out; for example, the extent of its equiva- 
lence with the Monte Carlo picture of nuclear reactions is unknown. A com- 
parison suggests that the ‘‘melting’’ should be regarded as a process in 
momentum space rather than coordinate space. 
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NUCLEAR PARTICLE DETECTION (CLOUD 
CHAMBERS AND BUBBLE CHAMBERS)! 


By WILLIAM B. FRETTER 
Department of Physics, University of California, Berkeley, California 


INTRODUCTION 


The first photographs of the tracks of nuclear particles in a cloud chamber 
were obtained by C.T.R. Wilson (1) in 1911. A year later (2) Wilson pub- 
lished photographs of tracks of a@-particles, B-particles, and the electrons 
produced by a beam of x-rays passing through his chamber. In these pictures, 
Wilson set a standard of quality for cloud-chamber photographs that has 
not often been excelled and described techniques of measurement that are 
still of great importance. The development of cloud chambers has made 
possible many discoveries in nuclear physics and has provided visual proof 
of the existence of various types of nuclear particles. A collection of some of 
the most important and beautiful cloud chamber pictures has been made by 
Gentner, Maier-Leibnitz & Bothe (3) and by Rochester & J. G. Wilson (4) 
in which they trace the growth of knowledge of nuclear physics through the 
years since 1911, demonstrating clearly the importance of the cloud chamber 
technique. 

Cloud chambers, when operated under suitable conditions, can provide 
information on the charge, momentum, velocity, lifetime, direction of 
motion, and interaction properties of nuclear particles, as well as the total 
number of such particles existing at a given time within the useful volume of 
the chamber. Cloud chambers have been operated at low, atmospheric, and 
high pressure, in balloons 100,000 ft. above the earth, in mines hundreds of 
feet below the surface of the earth, on mountain tops for cosmic ray re- 
search, and in the beams of particles created by accelerators. They are 
versatile and adaptable, but inevitably have their limitations. The invention 
in 1952 of the bubble chamber by Glaser makes available still another in- 
strument for the detection of nuclear particles. Bubble chambers have im- 
portant applications in connection with high-energy accelerators. They can 
be operated on a cycle of a few seconds, can be made with various liquids, in- 
cluding liquid hydrogen, and have many detection properties in common 
with cloud chambers. 

This article will review the developments in cloud-chamber and bubble- 
chamber technique that have been made since 1951. The excellent book by 
J. G. Wilson ‘5) and the article by Das Gupta & Ghosh (6) describe the classi- 
cal work on expansion cloud chambers in some detail. Snowden has written 
a review article (7) on diffusion cloud chambers that contains much valuable 
material, and Glaser has published several articles on bubble chambers that 
will be referred to in the latter part of this paper. 


1 The survey of literature pertaining to this review was completed in April, 1955. 
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The three instruments, expansion cloud chambers, diffusion cloud cham- 
bers, and bubble chambers have much in common in their characteristics 
as particle detectors. They have, or can be made to have, the same order of 
magnitude of physical size, and thus the time required for a particle to cross 
any one is about the same, and the instruments are useful in measuring 
particles of comparable lifetime. All three chambers can be used for momen- 
tum and ionization measurements under the proper experimental conditions. 
They are useful only when the flux of particles is relatively low, i.e., less 
than about one particle per cm.” per sec. Although the dead time, or re- 
setting time of these instruments varies considerably, they are all very 
much longer than are those for counters. These instruments are particularly 
useful in exploratory experiments where the nature of the particles is not 
known, and they indicate clearly whether one or several particles traversed 
the detector. These chambers can all be used to observe nuclear interactions 
in nearly pure elements, and information on details of the interaction is ob- 
tainable. 

There are, of course, important differences in properties and uses of these 
devices. The resetting time for an expansion chamber is much longer than 
for diffusion or bubble chambers. The time resolution of the bubble chamber 
is much better than for cloud chambers, especially if the bubble chamber 
contains an organic liquid. These considerations are important in the use of 
particle detectors in connection with an accelerator. Both the diffusion 
chamber and the bubble chamber can be operated with fillings of hydrogen 
at relatively high density, whereas it is inconvenient to operate an expansion 
cloud chamber with high pressure hydrogen. A disadvantage of the diffusion 
chamber is that the sensitive layer is not more than 3 in. thick and cannot be 
made vertical for observation of cosmic rays. The expansion chamber and 
bubble chamber are not seriously limited in size, shape, or orientation, but 
the bubble chamber appears to be difficult to use as a counter-controlled 
chamber to detect cosmic rays. The diffusion chamber and the bubble 
chamber are particularly useful for detection of accelerated particles and 
provide information on the interaction of elementary particles. 


EXPANSION CLoUuD CHAMBERS 


The double-chamber techniqgue-—An important development in the past 
few years has been the increasing use of two or more cloud chambers, one 
placed above the other, in cosmic-ray work, to allow observation of nuclear 
particles under various conditions. It seems likely that such techniques will 
be useful in accelerator work. A double-chamber apparatus was used by 
Street (8) and later by Fretter (9) at the suggestion of Hazen, to determine 
the mass of u-mesons. A cloud chamber placed in a magnetic field provided 
information on the momentum of the particle, while the second chamber, 
which contained a series of lead plates, provided information on the range 
of the particle. This technique has been extended by Brode and his students 
(10 to 15), who also used a triple-chamber apparatus (Fig. 1). Two cloud 
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chambers were used to determine the momentum of a particle by its deflection 
in a magnetic field between the chambers, and a third chamber containing 
plates was used to determine the range. This apparatus had the advantage 
of using a permanent magnet to supply the magnetic field, and thus was not 
dependent on a source of D.C. power. It was installed in an airplane to 
investigate the nature of the cosmic ray particles at high altitude. Physicists 
in Russia (16) have also used the double cloud-chamber technique for 
measurement of the mass of cosmic ray particles. 

The multiple chamber technique has been very useful in experiments on 
the unstable particles produced in high-energy nuclear interactions. Leighton 
(17, 18, 19) constructed a pair of cloud chambers between which material 
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could be placed. These chambers were both in a magnetic field, and observa- 
tions were made on particles created in or traversing the material between 
the chambers. Each chamber was rectangular in shape, approximately 33 
cm. wide, 19 cm. high, and 12 cm. illuminated depth, and the magnetic field 
was 5000 gauss. Such an arrangement of chambers seems to produce less 
distortion near the absorbing material than would have been present if a 
single cloud chamber with a plate mounted in it had been used. 

A similar but larger cloud-chamber apparatus has been constructed by 
the C.I.T.? group (20) and installed in a 48-in. magnet. This apparatus is very 
flexible, with provision for four chambers, one above the other, or a com- 
bination of two chambers without plates and one larger chamber with plates. 
A typical arrangement is to have two chambers, each 20.5 cm. high, 56 
cm. wide, and 20 cm. illuminated depth above a larger chamber 46 cm. high, 
56 cm. wide, and 20 cm. illuminated depth. The magnetic field is about 
8000 gauss. 

Two very large cloud chambers, one in a magnetic field and the other 
containing plates have been used by a group at the Ecole Polytechnique 
(21). This apparatus (Fig. 2) is installed at the Pic du Midi (2850 m.) and 
has been used for the study of charged and neutral unstable particles. The 
illuminated region of the upper chamber is 68 cm. high, 64 cm. wide, and 30 
cm. deep. A magnetic field of 2600 gauss is provided by a pair of water-cooled 
coils using 200 kw. The field is uniform to 2 per cent over the useful region of 
the chamber. The lower chamber has an illuminated volume of 68 cm. by 64 
cm. by 40 cm., and contains 15 copper plates, each 1 cm. thick. The tracks 
of particles traversing both chambers cannot be seen in the interval of 40 
cm. between the chambers, but no trouble is encountered in following tracks 
from one chamber to the next. The apparatus is triggered on penetrating 
showers. Six cameras are used to photograph the chambers; two of these 
are centered on the top and bottom chambers, while the others are at the 
sides, to make stereoscopic measurements possible. The great advantage of 
this apparatus has been that because of its large size, accurate measurements 
of momentum and range of particles stopping in the lower chamber yield 
precision values of the mass of these particles. In addition, there is sufficient 
material in the lower chamber so that there is a fairly good chance that the 
secondaries coming from the decay of unstable particles will also stop in the 
chamber. Measurements of mass have been made on 19 protons for calibra- 
tion (22). The mean standard deviation for these values is + 150m,, indicating 
that the spurious curvature in the upper chamber was less than 150 m.". 

Another double chamber apparatus has been built by the Princeton 
group (23) and operated at mountain altitude. They have observed an S- 
particle that stopped in the lower chamber, and sent a secondary back into 
the upper chamber, giving an excellent measurement of the momentum of 
the secondary particle. 


? C.I.T. here refers to California Institute of Technology. 
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It has become increasingly apparent that cloud chambers must be 
developed that are capable of precision measurements. The double chamber 
work, and the work of Thompson (24, 25) and his students have been along 
these lines. Thompson’s cloud chamber is particularly good as regards 
thermal turbulence. He has also made a careful study of the errors involved 
in reduction of the film measurements, and advocates the use of dummy 
tracks and angles to verify the methods used. 

The ionization-momentum compromise.—It has long been believed that 
accurate measurements of ionization and momentum on the same track 
were mutually exclusive. Measurements of ionization involve the counting 
of droplets along the track, and require that the track be diffuse enough so 
that the droplet images do not overlap. It was also customary to separate 
the positive and negative ion columns to determine the condensation effh- 
ciency. Difficulties in measurement of the position of a diffuse track, and 
distortions attributable to the electric field usually combined to make 
momentum measurements quite uncertain. 
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Fic. 2. Double cloud chamber apparatus used at Pic du Midi for studies of par- 
ticles in penetrating showers. Counter trays for selection of events are shown at 
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A new approach to this problem has been made by Cowan (26) and by 
Fretter & Friesen (27). Instead of splitting the track to observe condensa- 
tion efficiency, these experimenters calibrated the minimum ionization level 
in each picture of interest by observing tracks at or near the minimum. The 
gas in the chamber was either a mixture of helium and argon, or pure 
helium. In these gases the ions diffuse quickly enough and the ionization is 
small enough that ionization measurements can be made readily, and 
momentum measurements are very little affected. 

Cowan adopted the procedure for ionization measurements of dividing 
the track into cells and counting the droplet images stereoscopically, thus 
eliminating any background correction. Fretter & Friesen follow this pro- 
cedure and have made a study of the errors involved in measurement of 
ionization in this way. In a sample of 41 protons they find a mean probable 
error on an individual measurement of +120m,. It was found that accurate 
temperature control of the chamber was required for precision momentum 
measurements. Fretter & Friesen maintained side-to-side differences of 
temperature of less than 0.02°C., and a top-to-bottom gradient of about 
0.3°C. They photographed against the background of a highly polished 
black back plate, on which the required fiducial lines were scribed. They 
have also published (27) a description of their method of making corrections 
for conical projection and nonuniformity of the magnetic field. 

The use of calibration tracks, often high energy electrons, in the measure- 
ment of ionization makes it necessary to know the ionization-velocity rela- 
tion with some accuracy, particularly in the region where the density effect 
is important. An experiment by Ghosh, Jones & Wilson (28) has shown that 
the ionization of high-energy u-mesons agrees well with that predicted by 
current theories, but that confirmation of specific theoretical details awaits 
additional experimental data. In this work, the writers used conventional 
methods of drop counting in oxygen, splitting the tracks to determine the 
condensation efficiency. The momenta of the particles were measured in an 
auxiliary apparatus. 

Recent advances in experimental technique.—Several rather large cloud 
chambers for multi-plate applications have been developed. Such a cham- 
ber, designed for use in cosmic rays, is described in detail, together with much 
of the required auxiliary equipment, by Lovati et al. (29). This chamber has 
dimensions 50 cm. X60 cm. X15 cm. illuminated depth, and is constructed so 
that it can support a large weight of plates. It uses a conventional rubber 
diaphragm and velvet supported on a hole plate. The large plate chamber 
used by the Ecole Polytechnique group (21) has a unique system of auxiliary 
rubber diaphragms that are collapsed to provide a rapid expansion. 

The largest expansion chamber constructed to date was built at MIT by 
a group headed by Bridge & Rossi (30). This chamber, which is 60 in. wide, 
48 cm. high and has 18 in. illuminated depth, contains 17 plates of 4 in. 
steel. Because of its unusual size, many difficult technical problems had to be 
overcome, but the chamber has operated satisfactorily at the cosmotron. 
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The expansion is by means of a solid piston sealed by a rubber ring 4 in. wide 
around the edges. Four expansion valves are used and the expansion time is 
35 msec., adequate for use at the cosmotron. Greater speed could be obtained 
by decreasing the weight of the piston, adding more valves, or expanding into 
a vacuum, and provision has been made for these possibilities, but fast ex- 
pansion times in large chambers sometimes cause serious shock-wave 
difficulties. The front glass is 1.25 in. thick, tempered. It deflects 0.85 in. 
during an expansion at the operating pressure of 20 cm. Hg. The plates are 
2 in. apart at the front of the chamber and are slanted to converge 15.5 ft. 
in front of the chamber. The chamber is illuminated by two flash lamps at 
each side, each dissipating 10,000 joules, backed by parabolic cylinder re- 
flectors. Three cameras are used, one in the center and two at 30° from the 
center, and the lenses are used at a mean magnification of 1/17.6, with stop 
{/22. The chamber was fabricated of aluminum castings, coated on the inside 
with natural rubber. Typical operating conditions with a mixture of argon 
and helium are to have three slow expansions and a total dead time of 5 to 
7 min. Such a chamber may be very useful in the study of S-particles, since 
the ranges of the known secondary particles are short enough to permit 
observation of a relatively large number of the secondaries. 

It has long been known that in rubber diaphragm chambers, background 
that is produced behind the velvet during an expansion comes into the 
chamber on subsequent compression. It has been found by Blumenfeld, 
Booth & Lederman (31) that a clearing field applied behind the velvet baffle 
has an important effect in reducing the fog produced in this way. Such a 
clearing field appears to be particularly important when the cloud chamber 
is being operated in the beam of an accelerator, where ionization levels are 
high. 

Expansion cloud chambers have the disadvantage of a rather long dead 
time, made necessary by the slow return to equilibrium conditions after a 
fast expansion, and thus do not take advantage of the frequent pulses 
available at an accelerator. A fast recycling cloud chamber was developed 
by Gaerttner & Yeater (32) using momentary over-compression of the filling 
gas to evaporate the droplets to a size where they could be removed by a 
clearing field. With this chamber, operation at a repetition period of 5 sec. 
was possible. The coil providing the magnetic field was also pulsed with 
current from a condenser power supply. A cloud chamber using over-com- 
pression has been operated (33) by Kessler & Lederman in the 125 Mev 2-- 
meson beam of the Columbia cyclotron, and a one-minute cycle was possible. 

Another approach to this problem has been made by Emigh (34) with a 
fast-compression cloud chamber. Instead of over-compressing the chamber, 
Emigh re-compressed the gas quickly enough so that the transfer of heat from 
walls to gas and back again was substantially reduced over that occurring in 
a conventional chamber. In this way a repetition time of 10 sec. was obtained. 
This technique is simpler mechanically than the over-compression technique, 
and the chamber used is a rubber diaphragm type. Both these techniques 
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have been used in conjunction with accelerators, but there is no reason why 
they would not be suitable for use in other applications. 

If an apparatus is used that takes pictures at a fast rate, it is necessary 
to make provisions for analyzing the pictures quickly. Instruments for 
rapid measurement of the curvature of cloud chamber tracks have been 
made by Gaerttner & Yeater (35) and by Emigh (36). These instruments are 
useful when the cloud chamber is not very deep, or the lens is quite far 
away, so that conical projection corrections are negligible. If this is not the 
case, the time required to make the geometrical measurements and the 
corrections for an individual track is very much longer than that necessary 
for the curvature measurement alone. 

The distortions of tracks in cloud chambers attributable to thermal cur- 
rents and expansion irregularities are a serious cause of error in the measure- 
ment-of momentum. A study of thermal distortions has been made by Carter 
& Street (37), who used a collimated x-ray beam to provide a reference 
column in ions in their chamber. This technique should be useful in provid- 
ing a continuous check on distortions. Carter & Street were also able to 
make measurements on drop growth and sensitive time with the pulsed x- 
ray beam. 

It is possible to operate a cloud chamber in such a way that the ioniza- 
tion produced in the chamber produces the triggering pulse (38 to 42). The 
gas used must be such that the electrons do not attach appreciably, and are 
collected at an electrode to give a triggering pulse. The positive ions move 
relatively slowly, and provide condensation centers after the chamber has 
expanded. Brown (43) has investigated cosmic-ray nuclear interactions in 
gases by means of such a chamber. 

Burhop has reported (44) the construction and operation of a high- 
pressure expansion chamber 22.5 cm. in diameter that contains argon at 100 
atm. The density of the argon at this pressure is 0.18 g./cm.—%, and the 
chamber can be used for studies of either cosmic rays or accelerated particles. 
High-pressure expansion chambers suffer from the disadvantage of long 
recovery time, usually about 15 min., but have the advantages of good 
stopping power, large sensitive volume, and long sensitive time. Burhop 
describes the chamber in detail and discusses measurements made, includ- 
ing track width, 6-rays, scattering, and curvature of tracks in a magnetic 
field. In such a chamber with a magnetic field of 7000 gauss the error in 
momentum determination caused by the scattering of a particle of mass 200 
electron masses is of the order of 25 per cent. 

Valuable information on the techniques of cloud chamber operation can 
be found in a series of articles written by those who lectured at the 1953 
Varenna summer school of physics. These articles were written with cosmic- 
ray applications primarily in mind, but the results should also be valuable 
in the detection of particles coming from machines. 

Blackett (45) discussed the general problem of the precision of momen- 
tum measurement in a magnetic field cloud chamber, taking into account the 
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diffusion of the ions and the consequent uncertainty of the position of the 
track and the uncertainty attributable to scattering. He found that the 
relative importance of these errors depends on the momentum to be measured 
and the pressure in the chamber, other conditions remaining constant, and 
that an optimum pressure of the gas can be calculated if the momentum to be 
measured is known. Blackett also investigated the effect of the expansion 
time, light delay time, and resetting time of acloud chamber on its efficiency 
for detecting nuclear events. He demonstrated that if the chamber is large 
the resetting time so limits the rate of picture-taking that operation of the 
chamber at sea level yields as many nuclear events as would be found by 
operation at mountain altitude. For smaller chambers, or for those with 
short resetting time, mountain sites are advantageous. 

The use of cloud chambers for the estimation of lifetime of particles 
was discussed (46) by Newth. The statistical analysis (47, 48) of the data 
on the life span of particles observed in a cloud chamber can yield values 
of the mean life only if care is taken to avoid bias in the selection of data. 
Newth analyzed the various factors of importance such as the necessity of 
allowing for the identification of the particular particle in calculating the 
potential path length in the chamber, and the possibility of working with 
mixtures of particles. 

Newth also wrote an article (49) on the design and operation of magnet 
cloud chambers. The design of the magnet, particularly the power-versus- 
field characteristics, and the desirability of including iron in the magnetic 
circuit were illustrated by various examples of cloud chamber magnets now 
in use. The Jungfraujoch apparatus which consists of a large cloud chamber 
in a magnetic field was described in some detail, and problems of photog- 
raphy and temperature control outlined. Temperature gradients in this 
chamber give rise to serious convective distortion, and attempts have been 
made to compensate for these in momentum measurements. 

The measurement of cloud chamber tracks was discussed by Barker 
(50). The determination of the momentum of a track in a cloud chamber 
from measurements on a film involve a number of complicated operations if 
the momentum is to be determined accurately and the error estimated. 
Corrections must be made for the conical projection of the track in the 
chamber onto the film, the dilation of the gas, the nonuniformity of the 
magnetic field, and the interlocking effect of the conical projection and the 
nonaxial component of the field. The errors include lens distortions, the curva- 
ture introduced by the front glass, the gaseous convection error, and the 
error in actual curvature measurement on the film. 

A detailed review (51) of the problems involved in the use of multiplate 
chambers was made by Peyrou. With a multiplate chamber, if techniques 
of lighting and expansion are good, accurate measurements of ranges of 
particles can be made, and estimates of energies can be obtained from meas- 
urements of angles of scattering in successive plates. 
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DIFFUSION CLOUD CHAMBERS 


Introduction.—The theory of diffusion cloud chambers, first discussed by 
Langsdorf (52), was extended by Shutt (53) and summarized by Snowden 
(54) in his general review article. Bevan (55) has measured the optimum and 
limiting conditions for downward diffusion cloud chambers and has in general 
verified the theory given by Shutt. Succi & Tagliaferri (56) have applied the 
theory specifically to the operation of a chamber containing air at atmos- 
pheric pressure. 

A diffusion cloud chamber operates by the diffusion of a condensible 
vapor from a warm region where it is not saturated to a cold region where it 
becomes supersaturated, and provides the proper condition for growth of 
droplets around ions, just as in an expansion cloud chamber. 

The vapor density increases with temperature, while the gas density 
decreases with temperature. A given mixture of gas and vapor may thus 
have adensity that increases, or decreases with temperature, depending on the 
temperature range and the constituents. It is important to maintain a 
density gradient in the chamber, such that the density of the mixture at 
the top is less than that at the bottom, to prevent convection turbulence. 
Most diffusion chambers in current use are arranged for downward diffu- 
sion. The top is warm, and the vapor is introduced there, while the bottom 
is cold. Upward diffusion chambers have not been used extensively because 
of the difficulty of maintaining stable conditions near the cold surface, which 
in this case must be at the top. We will confine our attention to downward 
diffusion chambers and will present some results of the theory as they apply 
to the use of diffusion chambers in nuclear particle detection. 

Shutt predicted (53) that chambers containing heavy gases such as air 
or argon would be useful only up to two or three times atmospheric pres- 
sure. He calculated the temperature gradient required for operation under 
various conditions, and showed that, with dry ice temperature at the bottom 
of the chamber, the top of a chamber containing air at 3 atm. must be at a 
temperature in excess of 293°K. If the temperature at the top is higher than 
this value, two difficulties arise. First, the sensitive region tends to become 
unstable and turbulent, and second, the background fog increases rapidly. 
On the other hand, Shutt showed that chambers containing light gases such 
as hydrogen, deuterium, and helium, were unsuitable for use at atmospheric 
pressure but became useful at pressures of 20 to 30 atm. The possibility of 
constructing a high-pressure hydrogen chamber for use with high-energy 
accelerators was immediately exploited by Shutt and his collaborators (57). 

Shutt (53) has considered the effect of the heat produced by the condensa- 
tion of the drops and the mechanism for its removal. He finds that heat is 
exchanged between the gas and walls by a process of convection, but cal- 
culates that the required motion of the gas near the walls is quite small, and 
concludes that this small amount of motion explains the excellent stability 
of the gas in diffusion cloud chambers. Such stability is important in reducing 
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the effect of thermal tubulence on the curvature of tracks in a magnetic 
field. 

With these introductory remarks, we proceed to a review of the experi- 
mental work on diffusion chambers. Chambers operated near atmospheric 
pressure will be considered first, then a low-pressure chamber, and finally 
the high-pressure chambers and their use with high-energy accelerators. 

Atmospheric pressure diffusion chambers.—The first atmospheric pressure 
chamber was operated by Langsdorf (52), but it was not until Cowan (58) 
and Nielsen, Needels & Weddle (59) constructed chambers of great mechan- 
ical simplicity and ease of operation that the instrument showed substantial 
promise as a nuclear particle detector. Such chambers are now widely used 
in elementary physics laboratories and demonstrations of particle tracks. 
Nielsen (59) experimented with an upward diffusion chamber using propanol 
in helium at atmospheric pressure but obtained better tracks in downward 
diffusion chambers. These observers were able to get sensitive regions from 
2 to 3 in. high, and no experimenter has been able to do much better than 
this in either high-pressure or low-pressure chambers. 

The application of diffusion cloud chambers to quantitative experiments 
with nuclear particles has various complications. The fact that the sensitive 
region is horizontal and relatively thin restricts their use in cosmic ray re- 
search. For detection of particles coming from accelerators, particular 
attention must be given to the ion load imposed upon the chamber when a 
burst of fast particles traverses it. Cowan (58) first considered this problem 


in connection with synchrotron exposures, and concluded with that a 
properly synchronized sweep-field voltage pulse in the chamber, it would 
recover in 3 or 4 sec. Usually the picture repetition rate must be slower than 
this, to allow charging of the condenser bank that supplies the energy for 
the photographic flash. The depletion of vapor by heavily ionizing tracks is 
a serious problem in most diffusion chambers, and causes gaps in tracks to 


occur. 

Lovati & Succi (60) describe a diffusion chamber constructed for use with 
a magnetic field for experiments in nuclear physics. The experimental ar- 
rangement is shown in Figure 3 and is fairly typical of chambers of this 
kind. The magnetic field is 1000 gauss, the cooling of the bottom is done bya 
mechanical refrigerator, and methyl alcohol is used as the vapor. The 
chamber has a diameter of 35 cm. and a height of 18 cm., and is photo- 
graphed stereoscopically. Chambers such as these should be useful in in- 
vestigations of the products of radioactive decay, especially in experiments 
where large numbers of photographs are required to observe unusual events. 

A very large chamber was constructed by Relf & Powell (61) to be used 
in observations on the structure of extensive air showers of cosmic rays, 
and with the 6 Bev proton accelerator at Berkeley. This chamber was 8 ft. 
long, 4 ft. wide, and 5 in. deep, contained air at atmospheric pressure, and 
methyl alcohol for the vapor. The many difficult problems of construction 
and operation of such a large chamber were solved and it was possible to 
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operate the chamber successfully for 540 hr. out of a continuous 720 hr. run. 
The vapor source consisted of a set of eight narrow trays suspended just 
under the top glass. The alcohol was heated by contact with copper tubing 
through which warm water was passed. The cooling of the bottom plate was 
provided by a spray of cold alcohol on the lower side of the bottom plate. 
The alcohol was cooled by contact with solid CO2, over which it flowed before 
entering the gear pump. Twelve-hundred pounds of dry ice were consumed 
every 24 hr. The chamber was illuminated by four flash tubes, each charged 
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Fic. 3. Diffusion cloud chamber for use at atmospheric pressure. 

















with 1000 uf. at 1.5 kv. The viewing light was a water-cooled 1000 w. com- 
mercial mercury arc. Those who saw the chamber in operation can testify to 
the beauty of the tracks that constantly formed, fell, and disappeared from 
view. 

This chamber was used in a study (62) of cosmic ray air showers at sea 
level to determine the density distribution of shower particles. In such an 
experiment it suffices to photograph the tracks end-on, or at small angles to 
the vertical, because only the total number of tracks per unit area is re- 
quired, not the details of individual tracks. Relf found that the lateral dis- 
tribution of the shower particles followed the Moliére distribution in all 
but one example. A detailed report on this work appears in a University of 
California Radiation Laboratory Report (63). 

The utility of multiplate expansion chambers for various experiments in 
which considerable amounts of heavy material are needed in a beam of 
particles leads to the question of whether it is possible to put plates in a 
diffusion chamber. Various experimenters have tried this, but none has pub- 
lished an extensive report on his results. It seems, however, to be possible to 
operate a diffusion chamber with plates if they do not unduly disturb the 
temperature gradient in the gas. Plates of plastic materials or glass, or 
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metallic plates with coatings of plastic to reduce the heat conduction into the 
gas, have been tried with some success. Further work along these lines is 
clearly needed if the atmospheric pressure diffusion chamber is to compete 
with high pressure chambers in nuclear physics research. 

A diffusion cloud-ion chamber has been used by Block, Brown & Slaugh- 
ter (64) for the detection of nuclear interactions. The chamber consisted 
of a glass cylinder 16 in. in diameter and 9 in. high filled with argon and 
amyl alcohol vapor at 1.4 atm. The ion chamber was placed in the sensitive 
volume, and consisted of six 1/16 in. stainless steel rods arranged in a hex- 
agonal cylindrical array 3 in. in diameter and 9 in. long, together with a 
central wire of 1/16 in. stainless steel. The central wire was grounded, and the 
array of rods was maintained at —1200 volts. As in the expansion ion-cloud 
chambers, the electrons were collected to provide the pulse that triggered 
the flash lamps after track formation. The pulse height was used to select 
nuclear events. 

Low-pressure diffusion chambers.—For the detection of low-energy B- 
particles it is sometimes desirable to use a cloud chamber containing gas at 
low pressure, and if the events to be observed are rare, the use of a diffusion 
chamber is indicated. A low-pressure helium diffusion cloud chamber has 
been constructed and operated by Choyke & Nielsen (65). Mass stability 
considerations indicate that for a downward diffusion chamber filled with 
helium and ethanol, at atmpspheric pressure, the maximum permissible top 
temperature is about —20°C. At reduced pressures of helium the top tem- 
perature must be even lower, and in order to obtain a sufficiently thick 
sensitive region the bottom temperature must be maintained well below dry 
ice temperature. Choyke & Nielsen constructed a chamber using liquid 
nitrogen as coolant. A diagram of this chamber is shown in Figure 4. The 
bottom temperature was maintained at about —130°C. Heated double 
windows surrounding the chamber were necessary to prevent formation of 
condensation and frost. With helium in the chamber, operation was obtained 
in a pressure range of 75cm. to 15cm. Hg. At atmospheric pressure a sensi- 
tive depth of 3 cm. was obtained, but, when the pressure was reduced to 
15 cm. Hg, to reduce the rate of fall of the droplets it was necessary to lower 
the top temperature considerably, and the resulting thickness of the sensitive 
layer was only about 1 cm. Photographs of tracks in helium at 15 cm. Hg 
were obtained. In this chamber it was not necessary to apply an electric 
clearing field. 

High-pressure diffusion cloud chambers.—When a light gas such as hydro- 
gen or helium is used in a downward diffusion cloud chamber and the bottom 
of the chamber is maintained at dry ice temperature, stability of the gas- 
vapor mixture occurs only when the pressure of the light gas is maintained 
at several times atmospheric pressure. Diffusion chambers operating at 
about 25 atmospheres pressure, first discussed by Shutt (53, 57) have become 
one of the most important tools of high-energy nuclear physics. Such cham- 
bers can be operated in connection with the large proton synchrotrons and 
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can accept each pulse of particles accelerated. They provide information on 
the interactions of the fundamental particles with each other, rather than on 
the complex interactions of particles with heavier nuclei. The techniques of 
analysis of events and scanning of the photographs obtained are related both 
to previously-known expansion-chamber techniques and the photographic 
emulsion techniques. 

Shutt and his collaborators have published several papers describing 
their apparatus and the experiments performed with it. The most detailed 
description of the apparatus appears in a paper (66) by Fowler et al. They 
have built two high-pressure diffusion chambers, one 16 in. in diameter 
operated in a 10,500 gauss magnetic field, and the other 6 ft. long, 11 in. 
wide, without magnetic field. A cross-section of the magnetic field chamber 
is shown in Figure 5. It is conical rather than cylindrical in shape so that it 
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Fic. 4. Diffusion cloud chamber for use at low pressure. 
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can be fitted into the conical hole in the magnet pole piece. The magnet is 
pulsed, since the equipment is designed for use with the Brookhaven 
National Laboratory cosmotron, and the chamber is made of inconel, a 
nickel alloy of high electric resistivity, to keep induced currents low. The 
chamber will operate either with Hz at 300 Ib./in.* or with He at 225 Ib./in.?, 
and methyl alcohol as the vapor. The bottom is cooled by a noninductively- 
wound copper cooling coil through which trichlorethylene is pumped at dry 
ice temperature. An electric clearing field of 500 volts is provided by means 
of a graphite plate suspended by threads just above the sensitive region. It 
is necessary to remove the oxygen impurity from the filling gas to prevent 
motion of the paramagnetic gas in the changing magnetic field. 

The timing of the cloud chamber operation relative to the cosmotron is 
shown in Figure 6. The time between passage of the beam and flashing of the 
lights is normally set at 0.11 sec. Operation of this chamber at the cosmotron 
typically yields about 5000 pictures per day. 

The long high-pressure cloud chamber built at Brookhaven is shown in 
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Fic. 5. High-pressure diffusion chamber for use in magnetic field (Brookhaven). 
The right hand side shows a section through one side window used for illumination. 
The left hand side shows a section at right angles to the first. 
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Figure 7. More nuclear events are recorded in it than in the magnetic field 
chamber, since over four times as much gas is exposed to the beam. The shell 
of the cloud chamber has a cylindrical shape, but the top of the cylinder is 
modified to provide a window. The window consists of a single long Allite 
sheet }in. thick, supported by thick Lucite blocks to withstand the pressure. 
Allite plastic is used because it is not attacked by alcohol, but it is not 
available in large thick blocks. Methanol vapor is supplied to the chamber 
from thermally-insulated trays to which heat may be applied. A sweeping 
field is provided with electrodes mounted just above the sensitive region. 
The beam enters the chamber through end covers of } in. steel. The problem 
of photographing this large chamber was rather difficult, and involves the 
use of mirrors mounted inside the chamber. 
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Fic. 6. Cycle of operation of cosmotron, chamber magnet, 
and diffusion chamber. 


An integral part of the long chamber equipment is a novel scanning 
device. A special projector was built in which the image plane and the film 
plane are tipped to produce a distorted image in which the chamber length 
is compressed. The length is compressed to 18 in., while the width remains 
full size. This device saves 75 per cent in scanning time because of the smaller 
area to be scanned and, in addition, has the advantage of magnifying small 
angular deflections of lengthwise tracks, making them easier to detect. The 
beam particles also show up strongly against the randomly oriented back- 
ground tracks. 

The problem of background in cloud chambers near high-energy accel- 
erators is a serious one. Cloud chambers are indiscriminate devices, sensitive 
to ionizing particles coming from all directions, and it has usually been 
necessary to supply substantial shielding in addition to that required by the 
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machine itself. Cloud chamber pictures that have many background tracks 
are difficult to scan, and events are often missed, or spurious chance events 
are observed. The diffusion chambers at the cosmotron are operated inside 
a shielding house made of iron-oxide loaded concrete shielding blocks 3 ft. 
thick, with a 6 in. steel roof. The beam from the machine is deflected and 
cleaned of low-energy particles by an analyzing magnet. Since the accelera- 
tion period is nearly one second long, the presence of low-energy particles in 
the diffusion chamber is avoided by the procedure of plunging a target into 
the beam late in the cycle. Generally no more than 10 to 20 beam particles 
per pulse can be scanned and analyzed reliably. 

The Brookhaven group emphasizes the importance of adequate scanning 
time and procedures. The problem is quite similar to those encountered in 
nuclear emulsion work, where the scanning and analysis time is far greater 
than the exposure time. At Brookhaven, between 100 and 300 pictures can 
be scanned per man-day, depending on the care with which the work is done, 
and the amount of cross-checking required. The analysis of events observed 
is estimated to take 20 or more man-days per cosmotron day. 

High-pressure diffusion chambers have been built by Snowden & Bevan 
(67) for use with the Harwell cyclotron. The first of these was a 9 in.-diam- 
eter chamber originally built to withstand 4 atm. pressure, and later (55) 
modified for 11 atm. Bevan has made an extensive series of measurements 
with this chamber to determine the optimum and limiting conditions for its 
operation, and has compared the results with the theory worked out by 
Shutt (53). Temperature measurements were made with thermocouples in 


good thermal contact with the well-lagged side of the cloud chamber, and 
care was taken to allow the gas and the walls to come into temperature 
equilibrium. Shutt predicted that the vertical temperature distribution re- 
quired for tracks to be formed in a gas at temperatures below 260° K. 
depends with good approximation on a single parameter: 


Ba = poP®/3(norZ) 4/8 Dog- V2 


where po = viscosity of the gas at 273° K., Do=diffusion coefficient of the 
vapor within the gas at N.T.P. and one atmosphere pressure, P = pressure in 
atmospheres, 7» =number of ions per cm.* per sec. which would be produced 
in air at N.T.P. by the mean radiation intensity within the chamber, T= 
number of atoms per molecule of gas, and Z=atomic number of the gas. 
Taking into account the formation of neutral condensation nuclei, and 
estimating other factors in the equation, Bevan finds the parameter 


Ba = woDo-/*P'!8[norZP + 14.5 exp (0.1161) ]#* 


where ?°C. is the highest temperature of vapor within the chamber. Bevan 
makes a plot of the minimum temperature gradient required for track for- 
mation against the corresponding values of B, for various gases, pressures, 
ion loads, and trough (liquid) temperatures, and shows that data lie quite 
well on a single curve. He also discusses the effect of trough temperature and 
its effect on instability in the chamber and the formation of neutral vapor- 
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molecule aggregates. It is generally advisable to employ the lowest trough 
temperature consistent with other operating conditions. An extreme case 
was observed when the temperature of the alcohol in the trough was raised to 
the boiling point. Fine streamers of descending rain were observed to be 
produced within the sensitive region, probably resulting from the evolution 
of large numbers of neutral condensation nuclei from the boiling liquid. 

A larger high-pressure chamber constructed at Harwell is described by 
Snowden (67). It has a diameter of 18 in., is designed for a pressure of 25 
atm., and can be placed in a Helmholtz coil system that gives a magnetic 
field of 13,000 gauss. The beam of 150 Mev protons from the Harwell cyclo- 
tron is admitted into the chamber through a 1} in. diameter hemispherical 
window made of 0.005 in. stainless steel. The bottom of the chamber is 
cooled by acetone sprayed by a pump from a series of jets situated below the 
base of the chamber. The acetone is maintained at a temperature of — 70°C. 
by a heat exchanger immersed in methyl alcohol and solid carbon dioxide. 
The chamber has thick plastic windows for viewing and illumination, each 
of double construction to eliminate condensation effect. Excellent photo- 
graphs (54) have been obtained with this chamber, illustrating the effect of 
good beam collimation on the background observed in the chamber. 

A high-pressure diffusion cloud chamber similar to the Brookhaven 
magnet chamber has been constructed (68) for use at the Columbia Uni- 
versity Nevis Cyclotron. Since the ion load was rather high, it was necessary 
to maintain a 8°C./cm. temperature gradient over the sensitive layer. This 
was provided by a 400 watt heater in the chamber wall 1.4 in. above the top 
of the sensitive layer. The top was kept at 12°C. A Helmholtz coil magnet 
mounted in a soft iron shell produced a uniform magnetic field in the cham- 
ber. The slow mesons studied in this experiment were accompanied by a 
rather large background, and it was necessary to wait 10 sec. between pic- 
tures to allow the chamber to recover. 

A 36 atm.-diffusion cloud chamber (69) has been constructed for use 
with the 184 in. cyclotron and with the bevatron at Berkeley. This chamber 
has several unique features, including the high pressure of the filling gas, the 
intense magnetic field, and some unusual constructional details. It is shown 
in Figure 8. The chamber was designed to fit into the existing cloud chamber 
magnet (70) which is capable of supplying a pulsed magnetic field of 21,000 
gauss on an 11-sec. cycle, with a duration of the full field of about 0.2 sec. 
The upper portion of the chamber duplicates the upper pole piece formerly 
used. The chamber is cooled by acetone circulating at dry ice temperature. 
The glass (C) through which the photograph is taken is much smaller than 
the 19 in. chamber diameter and thus need not be very thick to withstand 
the pressure. The chamber is illuminated through $ in.-thick Astrolite 
windows, cast especially for the purpose and machined to the inside radius 
of the chamber. 

In operation the usable sensitive volume extends to within 0.5 in. of the 
bottom, and is from 2 to 2.5 in. high and 10 in. diameter. The clearing field 
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of —900 volts is grounded about 4 sec. before the beam pulse. The chamber 
has been used with a magnetically analyzed beam of 4.5 Bev negative pions 
from the bevatron. Optimum conditions are to have about 15 mesons per 
pulse on an 11 sec. cycle. 
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Fic. 8. High-pressure diffusion chamber used at bevatron. Some features: C: view- 
ing ports and camera ports; F: upper pole assembly; I: clearing field support; J: clear- 
ing field wires; K: copper alcohol tray; L: cast astrolite windows; O: acetone channel. 
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To illustrate the use of high-pressure diffusion cloud chambers as nuclear 
particle detectors, several experiments will be described. The work of the 
Brookhaven group is certainly the best illustration of the utility of the 
technique. Their first paper (71) describes a measurement of 7~- scattering 
made in a beam of pions from the Columbia University Nevis cyclotron. 
5600 pictures taken during one day’s operation were examined, corrections 
made for m-u decays, and a cross-section of 3 millibarns for the scattering 
of 60-Mev negative pions by hydrogen was obtained. A similar experiment 
(72) performed using positive pions yielded not only a total cross-section of 
20+4 millibarns, but also an angular distribution of the differential scat- 
tering in the center of mass system. This work was summarized and addi- 
tional data presented, together with a description of the apparatus (73) and 
the results obtained when the chamber was filled with helium. The tech- 
niques used in the operation of the chamber in connection with the cyclotron 
are discussed in some detail. The problem of the background remained a 
serious one, in spite of substantial amounts of shielding and a steering mag- 
net. The chamber was operated without a magnetic field, and thus the slow 
electron background was quite evident. In a strong magnetic field these 
particles are bent into small circles and are thus not such a problem, although 
they may create holes in tracks because of local depletion of vapor. 

The first work of the Brookhaven group with the high pressure diffusion 
chamber at the cosmotron was reported (74) in 1953, when they described 
a V°-particle produced by a 1.5-Bev negative pion incident on a proton. A 
later paper (75) discusses in detail the application of the method to the 
investigation of the production of various heavy unstable particles by nega- 
tive pions. This work illustrates the utility of a high pressure hydrogen 
diffusion chamber in the study of unstable particles. The reactions observed 
in the gas are presumably pion-proton reactions, and the presence of other 
nucleons does not complicate the analysis of the event. Out of 26,000 photo- 
graphs, six events interpretable as production in the gas were observed. Two 
of these involved the production of a pair of neutral V-particles, one event 
appeared to be the production of a pair of heavy charged unstable particles. 
The others were single events. It is of interest to know whether these par- 
ticles are always produced in pairs, and the properties of the diffusion 
chamber enter decisively into the discussion. The advantages of the diffusion 
chamber with an accelerator are the essentially pure hydrogen (the alcohol 
makes up a very small fraction of the gas present) and the collimated hori- 
zontal beam. The disadvantage is the thin sensitive region, and if neutral 
particles are produced at a large angle to the incoming beam, they may leave 
the sensitive region before they decay. The length of track of the secondary 
particles available for measurement may be rather short unless the plane of 
the decay is oriented parallel to the sensitive region. Thus accurate momen- 
tum measurements may be limited by the length of track. On the other hand, 
an observed pair, with both particles coplanar with the point where the pion 
disappeared in interaction with the proton, is a most convincing piece of 
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evidence that production in pairs does exist. Before the invention of the 
bubble chamber, no other instrument could have provided such reliable 
evidence, 

Another piece of information gained in this experiment was the cross- 
section for production of heavy unstable particles by 1.5 Bev 2~-mesons. 
This was found to be about 1 millibarn. 

Further work along this line has been done by Walker (76), who has 
observed two additional cases of double production of neutral V-particles in 
the Brookhaven apparatus. Walker took advantage of the known energy of 
the incident 7~-mesons to show that the pair production of V°-particles 
sometimes probably involved an intermediate step, with a very short-lived 
particle decaying into the observed A°-particle. Such an intermediate step 
had been suspected by the Brookhaven group also (77). 

A second experiment performed by the Brookhaven group concerned 
meson production in 7-p collisions (78). The magnetic field diffusion cloud 
chamber was placed in the external neutron beam emerging at 0° from a 
carbon target struck by the circulating proton beam of the cosmotron at a 
time when the protons had energies of 2.2 Bev. A lead collimator in the 
cosmotron shield defined a beam 1 in. X2 in. in size, and was followed by a 
magnet to remove charged particles. It was necessary in this experiment to 
determine the energy spectrum of the neutron beam, as well as to observe the 
reactions caused when an 7-p collision occurred. Momentum measurements 
on the particles produced, together with analysis of the event taking into 
account the ionization density of the tracks, made it possible to determine 
that the median energy of neutrons was 1.7 Bev and that the spectrum 
spread from 1.0 Bev to 2.2 Bev, rising gradually toward the upper value. A 
large amount of useful information was obtained from the 20,000 photo- 
graphs including the ratio of double meson production to single meson 
production, which was found to be 20 times as great as that predicted by 
Fermi’s theory. Studies were made of the angular distribution of the particles 
produced, which show rather definite asymmetries in the center-of-mass 
system. No hyperons or K-particles were observed to be produced in n-p 
collisions. 

It is difficult to imagine either the preceding experiment, or the following, 
also done by the Brookhaven group, having been performed with any instru- 
ment other than a high pressure hydrogen-filled diffusion cloud chamber. 
The hydrogen bubble chamber, to be discussed in a later section of this 
report, may be as useful in the future, but at the time the experiments were 
done, the diffusion chamber was unique in its field. It was used to observe 
the 7~-p interactions at 1.4 Bev (79) which produce various types of unstable 
particles, including m-mesons. The magnet chamber was used to provide 
information on the momentum of the particles, but pictures of the long 
chamber were also analyzed to get cross-section data. There were 147 inter- 
actions observed with magnetic field and 323 interactions without field. The 
total cross-section was found to be 34.6+2.7 millibarns, the elastic cross- 
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section 10.0+0.8 millibarns. Results on angular distributions were also 
obtained. About 28,000 cosmotron pulses were photographed with the magnet 
chamber and 14,000 in the long chamber. Such a large number of photographs 
can be taken in alittle over a week of cosmotron time, but take many months 
for a large group of scanners and physicists to scan and analyze. 

Experiments performed with the Columbia diffusion chamber include a 
measurement of the rest mass energy of negative pions (80) and a study of 
internal pair formation of mesic y-rays produced in pion-hydrogen reactions 
(68). In these experiments slow negative pions stop in the gas and interact 
with the protons in the gas. The photographs of the chamber gave accurate 
information on the momentum of the particles produced and permitted 
study of the distribution in angle and energy of the electron pairs. 


BUBBLE CHAMBERS 


The most extraordinary development in particle detectors in recent 
years is the invention of the bubble chamber by Glaser (81 to 86). In a series 
of papers remarkable for their clarity, Glaser outlined how he recognized the 
need for a particle detector that would doa certain job, and how he conceived 
the idea for a bubble chamber. Cloud chambers, even high-pressure diffusion 
cloud chambers, have the basic disadvantage that the density of material in 
the chamber is low compared to 1 g./cm.*. Emulsions have density of that 
order of magnitude, but consist primarily of silver and bromide, elements of 
complex nuclear structure. There was a clear need for a detector similar to a 
cloud chamber in which tracks of particles could be seen or photographed, 
but whose sensitive volume might be filled with a hydrogen-rich medium 
of high density. Glaser had the idea that such an instrument could be made 
by taking advantage of the instability of superheated liquids against bubble 
formation just as a Wilson cloud chamber uses the instability of supercooled 
vapors against droplet formation. He reasoned (81) that the passage of 
ionizing particles through such a superheated liquid might cause local 
ionization centers which could create condensation nuclei for the formation of 
bubbles. It is well-known that liquids can be superheated but that, unless the 
container is very clean and the quantity rather small, the liquid quickly goes 
into rapid boiling. Glaser suspected that the triggering mechanism for 
boiling might be ionizing cosmic rays which pass through the superheated 
liquid, and that the waiting time for small containers was long simply be- 
cause of the small number of cosmic rays traversing them per unit time. 

The first experiment was made with diethyl ether at 130°C. and 20 atm. 
pressure. In the presence of a radioactive source, the liquid in a small glass 
tube always boiled as soon as the pressure was released, but if the source was 
removed, the time between the pressure release and the onset of boiling 
ranged from 0 to 400 sec., averaging 68 sec. This is to be compared with the 
average time of 34 sec. between traversals of the tube by a cosmic-ray 
particle. There thus seemed to be a possibility of the detection of ionizing 
radiation by such an instrument. 
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In the development of the bubble chamber Glaser worked out a theory 
(83, 84) based on the hypothesis that two or more charges formed in the 
region of an incipient bubble would encourage the bubble growth because of 
electrostatic repulsion. If m charges exist in each bubble, the resulting con- 
dition for observation of microscopic bubbles is that 


3 (4 \18 
P.(T) — P > P,(T) = > =) [o(T) ]*[e(T) }v* 


P,.=normal saturated vapor pressure at temperature 7, P=actual applied 
pressure on the system, e=electronic charge, o(7)=surface tension at 
temperature T, and e(7) =dielectric constant at temperature T. 

To find the temperature at which a bubble chamber will operate, one 
plots P,(T) and P,,(T) on the same graph for various values of » and obtains 
the intersections of the two curves. For diethyl ether the predicted and 
measured temperatures agree to within 10°C. if m is between 2 and 10. 
Actually the approximations made are not good if m is as small as 2 or 3. 

It is not at all clear that the postulate of charges in bubbles explains 
bubble growth. The bubbles may start from local heating of the liquid 
resulting from the energy loss of the particle ‘‘like the plunge of a hot needle’’ 
(86). The formula derived by Glaser is, however, empirically useful in pre- 
dicting chamber behavior. Generally the proper operating pressure is found 
(85) to be roughly two-thirds of the critical pressure and the operating 
temperature is in the region about two-thirds of the way from the normal 
boiling temperature to the critical temperature. 

The next question was whether the particle left a track or a series of 
bubbles as it traversed the superheated liquid. Glaser reported in 1953 (82, 
83) success in photographing tracks of penetrating cosmic ray particles. The 
bubble chamber consisted of a heavy-walled cylindrical Pyrex bulb 3 cm. 
long and 1 cm. inside diameter. The bulb was maintained at a temperature 
variable between 138°C. and 143°C., but constant to 0.5°C. by means of a 
temperature bath of mineral oil. The ether was under pressure of 300 
Ibs./in.? until a valve was released, at which time it dropped to atmospheric 
pressure and became superheated. The liquid normally remained quiet for 
several seconds, after which eruptive boiling occurred. The chamber was 
placed in a vertical cosmic ray telescope, which triggered a flash-tube and 
camera arrangement if a particle passed through during the waiting time. 
Several photographs of tracks of cosmic ray particles were obtained in this 
way, and the important potentialities of this nuclear particle detector be- 
came apparent. Glaser found that the bubbles grew extremely rapidly, and 
that it was necessary to wait only a few microseconds before the bubbles 
were sufficiently large to photograph. Thus photographs of tracks could be 
taken very quickly after the passage of the particle, and pre-existing motion 
of the liquid would not cause appreciable distortion of the track, as it often 
does in cloud chambers. 
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Glaser tried other experiments with this small glass chamber (84, 85, 86). 
He took photographs of the chamber with a high-speed motion picture 
camera at 3000 frames per sec. that showed clearly the formation of the 
track, the growth of the bubbles, and the initiation of eruptive boiling. These 
pictures showed that the bubbles grow to 2 mm. in diameter in about 300 
microseconds, and that tracks could not be identified after 20 milliseconds. 
Since the eruptive boiling produces an audible sound, an attempt was made 
to use the sound to trigger the lights, and thus to see chamber-controlled 
tracks. A phonograph pick-up was placed in contact with the bulb to detect 
the sound. Unfortunately the speed of sound in the liquid limited the re- 
sponse time of the triggering apparatus to about 100 microseconds, whereas 
the bubbles for best results must be photographed in 5 microseconds. Glaser 
also tried to trigger the lights using scattered light from the droplets, but 
obtained rather poor-quality pictures using this technique. 

One important result found was that the number of bubbles per centi- 
meter depended on the temperature of the chamber, the number increasing 
rapidly with the temperature. The possibility of measuring and controlling 
the bubble density became apparent, since for a minimum ionization track 
in ether, the bubble density is about 25 per cm., and the bubbles are only 
.02 cm. in diameter if the photography is quick enough. 

The practicability of a bubble chamber containing ether led to the 
question as to whether it would be possible to operate such a chamber using 
liquid hydrogen. A bubble chamber containing pure hydrogen would have 
the obvious advantage of simplicity in interpretation of the collisions with 
protons without contaminating elements. The first liquid hydrogen chamber 
was constructed by Hildebrand & Nagle (87), using techniques similar to 
Glaser’s, but at liquid hydrogen temperature. The hydrogen was contained in 
a glass bulb of volume 3 cm.’ and could be observed by eye through the un- 
silvered Dewar flasks that surrounded the apparatus. The temperature of the 
chamber was maintained above the temperature of hydrogen boiling at 
atmospheric pressure by means of a small heater, such that the hydrogen 
was in equilibrium with its vapor at a pressure of 3 atm. When the pressure 
in its chamber was reduced to 1 atm., and in the absence of radiation other 
than cosmic radiation, the hydrogen remained superheated for periods up to 
70 sec. before boiling, with an average waiting period of 22 sec. The presence 
of a radioactive source caused immediate triggering of boiling. Although no 
track photographs were reported, the results closely paralleled those of 
Glaser with ether, and the potentialities of liquid hydrogen were clearly 
indicated. A similar experiment with liquid nitrogen was successful also. 

The early experiments on bubble chambers were all done in very clean, 
small, glass bulbs, to avoid the presence of condensation centers at the walls 
that might initiate boiling. It soon became clear that for practical use as 
nuclear particle detectors, larger chambers were necessary. The construction 
of large clean chambers of glass to operate at relatively high pressures posed a 
difficult technical problem, but in chambers fabricated of glass and metal 
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with gaskets, boiling always started at some point before the required degree 
of superheat could be attained. 

That this difficulty might be overcome was suspected in some work done 
at the University of California Radiation Laboratory (88) under the direc- 
tion of L.W. Alvarez. The first photographs of tracks in a hydrogen bubble 
chamber were observed by J. Wood, even though long periods of superheat 
were not attained. The chamber was 1} in. in diameter and made of glass, 
thus somewhat larger than previous chambers. The Berkeley physicists were 
disappointed at first in their inability to obtain the long periods of superheat 
found by previous workers, but track photographs showed that such con- 
ditions were not required in the successful operation of a large bubble 
chamber. If the chamber is expanded more rapidly than the rate of growth of 
bubbles that form on the surface, the required superheat can be maintained 
for a long enough time to permit the practical use of the chamber. 

Further work using gasketed chambers, where long times of superheat 
cannot be obtained, has been done by the Berkeley group (89, 90) using 
liquid hydrogen and by Glaser (84, 85) using organic liquids. Hildebrand at 
Chicago has obtained beautiful tracks (91) with a chamber containing 
liquid pentane by placing it in a beam of 7-mesons from the Chicago syn- 
chrocyclotron. It is now clear that larger chambers can be constructed of 
metal and glass and gaskets, and that there is no obvious upper limit to the 
size of a bubble chamber. 

A 4-in.-diameter liquid hydrogen bubble chamber has been constructed 
at Berkeley (89) and used in the 4 Bev 7~-meson beam of the bevatron. Con- 
trary to the previous technique of immersing the chamber in pressurized 
liquid hydrogen, the 4-in. chamber is placed in thermal contact with the bath 
by means of a copper suspension block that supports the chamber from the 
bottom of a reservoir containing liquid hydrogen. A diagram of the apparatus 
is shown in Figure 9. Heat loss by radiation is minimized by a liquid nitrogen 
cooled jacket that partially surrounds the chamber. The chamber itself is 
formed of a brass cylinder 2 in. long, 4 in. inner diameter, with glass viewing 
windows sealed to each end by lead “‘O”’-rings. A half-inch diameter stainless 
steel tube in thermal contact with the side of the bath leads from the chamber 
to the expansion and filling systems. The chamber is maintained at about 70 
lbs./in.? by a pressure-regulated supply of hydrogen attached to this tube 
through a .030 in. orifice which restricts the flow from the supply during an 
expansion. The expansion piston, which moves to produce the expansion, 
is 2 in. in diameter and has a 5 in. stroke. It was important to provide a heat 
exchanger for the hydrogen gas in the expansion line. The heat exchanger 
consists of several tufts of copper wool soldered to the inside of the expansion 
tube, which is in good thermal contact with the reservoir of liquid hydrogen. 

Prior to the expansion of the chamber the pressure of the chamber is 
determined by the pressure of the regulated supply of hydrogen gas, and the 
piston is locked in the compressed position. About 50 milliseconds before the 
beam of particles is pulsed through the chamber the piston is released. The 
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piston then moves under the pressure of the hydrogen, the pressure in the 
chamber is thereby reduced, and the liquid hydrogen becomes superheated. 
About 5 milliseconds after the particles pass through the chamber, the light 
is flashed and the photograph of the tracks is taken. Light-field illumination 
was used at first with the stroboscopic light illuminating a ground-glass plate 
but dark-field illumination has proved to be more satisfactory. 

It is to be noted that the bubbles in liquid hydrogen grow very much more 
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slowly than in ether, where growth times are of the order of microseconds. In 
liquid hydrogen the bubbles grow approximately as r=0.1#!/?, where r is 
the radius of the bubble in mm., and ¢ the age in milliseconds. The slow 
growth of bubbles in liquid hydrogen may be explained by the low thermal 
conductivity, which limits the flow of heat toward the growing bubble. 

The 4-in. diameter chamber is normally run at a repetition rate of 5 
cycles per minute to correspond to the bevatron pulse rate, although it can 
be operated at 10 c.p.m. The heater shown in Figure 9, which provides the 
heat necessary to maintain the chamber at the proper temperature, requires 





PLATE I. Stereoscopic photograph of a nuclear event in a liquid-hydrogen bubble 
chamber. A 4 Bevr~-meson enters at the top, strikes a proton, and makes a four-prong 
star. Plate set at 90° orientation from normal. Top of photograph is at reader’s left. 
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5 to 10 watts in normal operation. The liquid hydrogen loss rate is 2 to 3 
liters per hr., with about 25 liters each of liquid hydrogen and nitrogen 
required to cool the system initially. 

The 4-in. liquid hydrogen chamber has been used in studies of r~-p 
interactions at 4 Bev. Various examples of nuclear interactions have been 
observed, including the production of V-particles and the multiple produc- 
tion of mesons, as indicated by a 4-prong star (Plate I). 

The success of the 4-in. liquid hydrogen bubble chamber has led the 
Berkeley group to design a larger chamber that can be placed in a magnetic 
field. In hydrogen chambers, the deflection of a particle attributable to 
scattering in the hydrogen is negligible in comparison to its deflection in a 
magnetic field. Such an instrument should prove to be exceedingly valuable 
in the study of fundamental particle interactions, especially in the study of 
short-lived heavy mesons and hyperons. If the technique of bubble-counting 
can be worked out for measurements of ionization, the instrument will be 
even more useful. 

A large bubble chamber containing diethyl ether has been built by Glaser 
(85) and put into operation at the cosmotron. After preliminary experiments 
with a fabricated chamber 2 in. in diameter and 1 in. thick, Glaser con- 
structed a chamber with a sensitive volume of 6X3 X2 in. The body of the 
chamber is made of one piece of dural, polished on the inside, and the win- 
dows are made of tempered glass sealed with teflon gaskets. At one end of 
the chamber the 2 X3 in. inside cross-section is flared out to a circular cross- 
section with a gasket ring 5 in. in diameter. A teflon diaphragm backed by 
silicone rubber is clamped to this ring and forms a movable wall of the cham- 
ber. The position of the diaphragm is controlled by compressed nitrogen 
which can be released to expand the chamber. The entire chamber is heated 
in a thermostatically-controlled oven and operated at about 157°C., with 
iso-pentane in the chamber at a pressure of 350 Ibs. in.?. 

The 6-in. chamber becomes sensitive to minimum ionizing particles 
3.5 milliseconds after the expansion is initiated, and remains sensitive for 
about 10 milliseconds. For operation at the cosmotron, the chamber is ex- 
panded 4 milliseconds before the beam arrival and the lights are flashed 90 
microseconds after the arrival of the first hundred protons. Glaser notes par- 
ticularly the temperature sensitivity of the chamber and states that for a 
minimum ionizing particle the bubble count goes from 8 per cm. at 155°C. to 
24 per cm. at 157°C. 

Such a bubble chamber has good stopping power, and the pictures taken 
in the 2 Bev proton beam were rich in z-y-electron events. Glaser also is 
planning a larger bubble chamber for accelerator work. 

Precise information about the sensitive time of Glaser’s 2-in. chamber was 
obtained (85) by exposing it to pulses of x-rays. The total number of bubbles 
in the chamber was estimated to be zero for radiation bursts earlier than 
3.6 milliseconds after the expansion began, 20 for bursts at 3.7 milliseconds, 
20,000 at 4.9 milliseconds, and 20,000 for bursts occurring until 12.0 milli- 





174 FRETTER 


seconds after which the bubble count rapidly drops to zero. Apparently 
there is some time interval during the cycle in which wall boiling evolves 
vapor just fast enough to keep up with the expansion process, maintaining a 
sufficiently low pressure to provide the necessary superheat for track for- 
mation. 

The sharp increase in the number of bubbles found between 3.7 milli- 
seconds and 4.9 milliseconds provides information on the lifetime of bubble 
nuclei. Apparently all bubble nuclei disappear after about one millisecond, 
and the average lifetime may be much shorter. Such a short life has two 
effects. It reduces the background of unwanted “‘old’’ tracks that are always 
to be found in the vicinity of a large accelerator. On the other hand, the 
short lifetime of bubble nuclei makes the possibility of counter-controlled 
expansions for cosmic rays quite remote, since expansion of the chamber in 
such a short time after the passage of a particle does not seem feasible. The 
technical difficulties involved in the operation of bubble chambers are mostly 
concerned with the maintenance of the proper temperature conditions. 
Rather elaborate temperature regulation is required for the oven surround- 
ing Glaser’s 6-in. chamber. 

The precision of the measurement of magnetic curvature in chambers 
containing organic liquids, where the bubble growth time is of the order of 
microseconds, will be limited by optical problems such as differences in 
refractive index, and also possibly by multiple scattering. In the hydrogen 
chambers, where the photography time is several milliseconds, noticeable 
distortions of tracks have been observed that may have their origin in con- 
vective motions in the liquid. In hydrogen, scattering should not be impor- 
tant; however, slow electrons scatter enough so that they are easily dis- 
tinguishable from fast particles when there is no magnetic field. 


PHOTOGRAPHY 


The techniques of photography of cloud chambers and bubble chambers 
are quite similar, and recent developments in these methods can be applied 
to both types of instruments. The problems of drop photography were dis- 
cussed by Wilson (5) and reviewed by Newth (49). The size of the image of 
a single drop may be determined either by the diameter of the central disk 
of the optical diffraction pattern formed by the lens aperture on the film, 
or by the properties of the emulsion such as grain size and turbidity. In very 
fast emulsions the latter are dominant, and typical diameters of drop-image 
size range from 20 to 30 microns. The drop images used by Cowan (26), are 
27 » in diameter, and Wilson & Newth take 20 uw as a reasonable value. 
Fretter & Friesen (27) and a group at Imperial College (45) have worked, 
however, with drop images only 12 uw in diameter and thus can use higher 
values of the object/image ratio. Linagraph Ortho film has a resolving 
power of 95 lines/mm., whereas Linagraph Pan has 70 lines/mm. and ac- 
tually appears to be much more grainy than the Ortho. Kodak Linagraph 
Ortho and Ilford 59GI appear to be the best films for giving small drop 
diameters. 
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The almost universal use of Xenon-filled flash tubes and the development 
of the films mentioned above have made possible great improvement in cloud 
chamber photography. The films are very sensitive in the blue; Linagraph 
Ortho has a blue speed of 400, green speed of 125, while Linagraph Pan has 
a blue speed of 640 and a green speed of 125. The light from Xenon flash 
tubes is predominantly in the blue. These films were designed for high- 
contrast photography, which is also desirable for cloud-chamber work. 

Many cloud chamber experiments do not require resolution of individual 
droplets in the track, and requirements on the film and lighting are less 
stringent if this is the case. The photographic background for track pho- 
tography has usually been black velvet, but considerable success has been 
attained in the use of black mirrors for background. In diffusion chambers, 
where the background surface is horizontal, black dye in a pool of alcohol 
has been used. For vertical expansion chambers, highly polished black 
anodized aluminum pistons have been satisfactory (27), particularly when 
the light beam comes very close to the piston. 


LUMINESCENT CHAMBER 


A new method of photographing tracks of ionizing particles has been 
described by Zavoiskii et al. (92) in which the tracks occur in luminescent 
substances and are photographed by means of a sensitive electron-optical 
converter. In such a “luminescent chamber’’ photographs of tracks of 
relativistic particles and of stars produced by neutrons have been obtained. 
The luminescent material used was sodium iodide or cesium iodide crystals 
activated with thallium. The light from the track of an ionizing particle is 
projected by a lens on the photocathode of the electron-optical converter 
(evidently a form of iconoscope connected to a television-type viewing 
screen) and on the screen of the converter it is possible to see tracks of par- 
ticles above the natural noise background. In practice, synchronizing pulses 
obtained from photomultipliers viewing the same crystal were used to ob- 
tain the photographs of a particular event. 

Such a luminescent chamber is continuously sensitive, and motion pic- 
tures may be made of the tracks, but the thermal noise of the iconoscope is 
reduced if it is pulsed. The time discrimination of the luminescent chamber 
is very much better than that of any other type of particle detector. Zavoiskii 
hopes to use the instrument to study luminescent processes taking place in 
the time duration of from 10~" to 10" sec. It may also be possible to identify 
particles by using the dependence of the density of darkening of the film as 
a function of residual range. 
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DESIGN COMPARISON OF REACTORS 
FOR RESEARCH! 


By L. B. Borst 
Department of Physics, New York University, University Heights, N. Y. 


SURVEY 


Nuclear reactors for research (1 to7) may be compared by several criteria: 
neutron flux, neutron energy, capacity, cost, fuel, moderation, coolant, and 
safety. 

Fast and intermediate neutron energy reactors will not be discussed, 
since for research purposes only one fast reactor has been built (‘‘Clemen- 
tine’ at Los Alamos), and this has been dismantled. Fast reactors may well 
find utility for breeding and power. Argonne National Laboratory’s E.B.R. 
at Arco, Idaho is considered as its name states: it is an Experimental 
Breeder Reactor. The United Kingdom’s “Zephyr” is a low-power fast 
reactor for study of the behavior of fast reactor assemblies. 

Generally speaking, unenriched uranium reactors are large and costly for 
their flux, but their large size gives a research capacity unequalled by the 
high intensity enriched fuel units. The total investment transcends private 
financing, so that without exception these are government-owned reactors. 

Using graphite moderation (with unenriched fuel) the multiplication 
factor for an infinitely large system is about 1.10, so that leakage must be 
minimized and the size must be large. A twenty-foot dimension is usually 
considered minimum which corresponds roughly to 400 tons of moderator. 
The sequence in this group is given in Table I. 


TABLE I 


GRAPHITE MODERATED UNENRICHED RESEARCH REACTORS 











Flux Power 

Reactor dete (cm sec™) (kilowatts) 
CP-1 Chicago 1942 4X 108 0.1 
CP-2 Argonne 1943 108 0.2 
X-10 Oak Ridge 1943 10” 4,000 
GLEEP Harwell 1947 310° 100 
BEPO Harwell 1948 10'2 4,000 
BNL Brookhaven 1950 5x10" 28 ,000 





The investment and research capacity of such reactors necessarily imply 
a large and well-integrated research program. Graphite as a moderator is 


1 The survey of literature pertaining to this review was completed in February, 
1955. 
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well-adapted to large-scale production of plutonium or power, in the United 
States using water as a coolant, in England and France using air or a com- 
pressed gas as a coolant. 

Beryllium as a moderating material has found no extensive use. Cost and 
biological hazard have restricted its use primarily to incidental use as a 
reflector material. Deuterium and hydrogen are superior moderators, and 
research reactors for the forseeable future will use them. Slowing-down 
lengths for fission neutrons are: 5.7 cm. for H2O and 11.0 cm. for D,0, com- 
pared to 19 cm. for graphite and 9.9 cm. for Be. Characteristic sizes of water 
or deuterium moderated reactors are materially reduced, and with them in- 
vestment and research capacity. 

Among the early reactors were CP-3 and NRX, both based upon D,O 
moderation and unenriched uranium. Characteristic dimensions are 6 to 
10 ft., corresponding to several tons of heavy water, or an investment for 
heavy water alone in the million dollar range. Table II summarizes this 
family. 


TABLE II 


HEAVY WATER UNENRICHED RESEARCH REACTORS 








Flux a Power 
(cm=? sec.~) 7 (kilowatts) 





CP-3 Argonne 1944 10% Circulated moderator 300 
NRX Chalk River 1947 7X10"% H:;0 

ZOE Chatillon France 1948 3X10! Circulated moderator 

JEEP Kjeller, Norway 1951 10% Circulated moderator 

SLEEP Stockholm, Sweden 1954 10% Circulated moderator 

P-2 Saclay, France 1952 4X10" Nitrogen gas 10 atm. 





The use of enriched uranium makes the problem of establishing a chain 
reaction simple. The multiplication factor for an infinite medium is in the 
vicinity of 2, so that a significant fraction of neutrons may be permitted to 
escape. The nuclear design then changes from a near infinite region (sur- 
rounded by a reflector as a neutron economizer) to a near point source sur- 
rounded by an extended nonreproducing reflector. Characteristic dimensions 
for H.O are about 1 ft. and for D,O, 2 to 3 ft. 

The construction cost for enriched reactors will no longer depend upon 
the quantity of moderator, but rather upon the cooling and control system 
and particularly upon the extent and nature of the experimental facilities. 
The total investments involved may be reduced toa scale permitting private 
financing. However, by comparison with unenriched uranium the research 
capacity is severely limited, and a balance must be found between research 
capacity, flux, power, material requirements, and cost. The remainder of the 
discussion will be directed to an analysis of these parameters. 
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A list of enriched research reactors is given in Table ITI. 


TABLE III 


ENRICHED RESEARCH REACTORS 








Flux Fuel Power 
Date (cm~*sec™!) (gm.) Coolant (kilowatts) 





LOPO Los Alamos 1944 Conduction .001 
HYPO Los Alamos 1944 10" 6 
SUPO Los Alamos 1951 2x10" 870 45 
LITR Oak Ridge 1950 10% 3000 2,000 
CP-3’ Argonne 1950 4X10" 4000 Convective circulation D2O 300 
Swimming Pool Oak 

Ridge 1951 10% 3000 Convective circulation H2O 100 
MTR Idaho Falls 1952 510% 4000 H:O 30 ,000 
NCRR Raleigh 1953 4x10" 848 H:O 10 
CP-5 Argonne 1954 210% 1700 Forced circulation D2O 1,000 





The costs of these various units are difficult to compare. HYPO and 
SUPO are reported to cost about $500,000, presumably including the build- 
ing. LITR is $1,000,000 in a minimum-cost enclosure. The Oak Ridge 
Swimming Pool is estimated at $250,000 of which about one-half is for the 
reactor. CP-3’ is difficult to evaluate since it is a modification of CP-3 which 
was built under war-time conditions. The MTR has a construction cost of 
$18,000,000 of which perhaps $12,000,000 can be charged to the reactor. 

The North Carolina State reactor represents a cost of $120,000 for 
reactor, $380,000 for building and $120,000 for laboratory auxiliaries. CP-5 
is estimated to cost $2,500,000 of which perhaps one half is chargeable to the 
reactor. 


UTILITY OF RESEARCH REACTORS 


Research reactors seem to require no salesmanship, since most institu- 
tions would be pleased to own one. When the more concrete question of 
finances and utility are raised, answers are not as well-defined. 

Industrial interests in research reactors stem from the numerous tech- 
nological problems confronting groups studying atomic power. Other uses 
involve the development of new products and processes and the study of 
fundamental science which may lead to other future products. 

University interests seem to fall into four categories: (a) training of 
nuclear engineers; (6) engineering research similar in objective to industrial 
research objectives; (c) fundamental pure scientific studies in the fields of 
physics, chemistry, metallurgy, and biology; and (d) medical studies both 
fundamental and clinical. The balance between these interests will largely 
govern the choice of reactor type and power. 

In addition, convenience is a strong determining factor in the evaluation 
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of the use to which a reactor will be put. Industrial reactors can usually be 
located on an industrial site where access is adequate and there is sufficient 
isolation. 

In the case of the urban university, selection of a site and appropriate 
design can be transcendent considerations. The selection of an isolated site 
which will permit latitude in selection of power, flux, and design will restrict 
use by professors and students because of time lost in transportation and 
inability to arrange appropriate class schedules. The choice of a campus site 
will have grave repercussions on the choice of design, permissible operating 
levels, and the varieties of research which can be conducted. 

Various university groups advocate each of the three principal designs: 
water boiler, swimming pool, and CP-5. 

Groups representing the engineering viewpoint generally favor the 
swimming pool. They cite the pedagogical value of being able to see all 
parts of the operating reactor and of being able to see the glow from the 
chain reaction. In this respect the swimming pool is clearly superior. In 
addition, the desire on the part of engineers to test or to irradiate large 
specimens can be easily- and well-satisfied by this design. Among the various 
universities this is numerically the strongly-favored design. 

One university group (Massachusetts Institute of Technology) favors 
the CP-5 design for a flux of 10'% cm. sec. on the basis particularly of 
safety and stability considerations. It would have the largest active volume 
of the three types and would therefore support the largest research load. 

The water boiler was the first type of reactor completely described in the 
open literature. In addition, because of its inherent stability and safety it 
was selected by North Carolina State College for construction. It most 
nearly approaches the point neutron source, has a small fuel requirement, 
and consequently a small power output for a given flux. It, therefore, has 
advantages as a neutron source over the other designs. Such a source is 
useful for neutron research, for medical neutron therapy and for irradiation 
of small samples. 


STATUTORY RESTRICTIONS (UNITED STATES) 


The United States Atomic Energy Act of 1946 contained enabling 
clauses concerning reactors for medical and pure research. A policy clause 
enjoined the Commission to support fundamental research on a broad basis. 
Use of enriched uranium or plutonium in research reactors was subject to 
strict control. Among restrictions was the requirement that 


no applicant will be enabled to obtain an amount (of fissionable material) sufficient to 
construct a bomb or other military weapon . . . The Commission shall not distribute 
any material to any applicant, and shall recall any distributed material from any ap- 
plicant who is not equipped to observe or who fails to observe such safety standards 
to protect health and to minimize danger from explosion or other hazard to life or 
property as may be established by the Commission. 
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The Atomic Energy Act of 1954 makes the same general statements, but 
permits specific additional arrangements particularly by way of licensing 
procedures. Among other licensing provisions are the following: 


Sec. 53e. Each license issued pursuant to this section shall contain and be subject 
to the following conditions— 

(6) special nuclear material shall be distributed only on terms as may be estab- 
lished by rule of the Commission, such that no user will be permitted to construct an 
atomic weapon; 

(7) special nuclear material shall be distributed only pursuant to such safety 
standards as may be established by rule of the Commission, to protect health and to 
minimize danger to life or property; and 

(8) the licenses will hold the United States and the Commission harmless from 
any damages resulting from the use or possession of special nuclear material by the 
licensee. 

Sec. 104. Medical Therapy and Research Development. 

a. The Commission is authorized to issue licenses to persons applying therefore 
for utilization facilities for use in medical therapy. In issuing such licenses the Com- 
mission is directed to permit the widest amount of effective medical therapy possible 
with the amount of special nuclear material available for such purposes to impose the 
minimum amount of regulation consistent with its obligations under this Act to pro- 
mote the common defense and security and to protect the health and safety of the 
public. 

b. The Commission is authorized to issue licenses to persons applying therefore 
for utilization and production facilities involved in the conduct of research and de- 
velopment activities leading to the demonstration of the practical value of such facili- 
ties for industrial or commercial purposes. In issuing licenses under this subsection, the 
Commission shall impose the minimum amount of such regulations and terms of li- 
cense as will permit the Commission to fulfill its obligations under this Act to promote 
the common defense and security and to protect the health and safety of the public 
and will be compatible with the regulations and terms of license which would apply 
in the event that a commercial license were later to be issued pursuant to section 103 
for that type of facility. In issuing such licenses, priority shall be given to those activi- 
ties which will, in the opinion of the Commission lead to major advances in the appli- 
cation of atomic energy for industrial or commercial purposes. 

c. The Commission is authorized to issue licenses to persons applying therefore 
for utilization and production facilities useful in the conduct of research and develop- 
ment activities of the types specified in section 31 and which are not facilities of the 
type specified in subsection 104b. The Commission is directed to impose only such 
minimum amount of regulation of the license as the Commission finds will permit the 
Commission to fulfill its obligations under this Act to promote the common defense 
and security and to protect the health and safety of the public and will permit the 
conduct of widespread and diverse research and development. 


At the time of writing, the U. S. Atomic Energy Commission is establish- 
ing uniform licensing procedures (a) for production and utilization facilities, 
(b) for special nuclear materials, and (c) for operators. In connection with 
the production and utilization facilities applicant, he will first be issued a 
Construction Permit which will permit him to execute his project. Such a 
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Construction Permit would be directly convertible to an Operating License. 
In summary, judging from the number of institutions (more than ten) 
discussing reactor projects with the Commission, no serious impediment 
is to be expected for the competent institution with a valid program and a 
willingness to accept financial liability in the event of an accident. 


AVAILABLE REACTOR TYPES 


Water boiler.—The water boiler (8 to 12) consists of a vessel containing a 
light water solution of a suitable uranium salt, usually nitrate or sulfate. 
The enrichment of the uranium made available by the Atomic Energy Com- 
mission is nominally 90 per cent U?*. The optimum hydrogen-uranium ratio 
is about 400 to 1, although there seems good reason to go to a higher ratio. 

Following Los Alamos design, the vessel is spherical. It is kept nearly 
full of liquid, so that unusually large changes in density will discharge solu- 
tion from the sphere into a high-capacity condenser from which the solution 
will return by gravity after an appropriate delay. 

The cooling system consists of a cooling coil immersed in the uranium 
solution. Light water circulates through this coil. At Los Alamos this is a 
closed cycle, the heat being dissipated in a cooling tower. At Raleigh an open 
cycle is used, the water being released to sewer after suitable hold-up. 

The choice of anion is difficult. Nitrates are very soluble and are not 
seriously corrosive to stainless steel. Sulfates are less soluble, subject to 
peroxide precipitation, and are corrosive in stainless steel. Sulfur has a lower 
absorption cross-section for thermal neutrons than nitrogen and should 
therefore be superior in neutron economy. The principal difficulty with 
nitrates is that they are thermodynamically unstable and subject to serious 
radiation damage from the heavily-ionizing fission products. Free nitrogen 
is therefore a by-product. This must be collected or discharged, and replaced 
by periodic addition of nitric acid. 

Water is decomposed by fission fragments at a rate of 0.5 moles/kwhr., 
so that a mixture of hydrogen and oxygen (containing nitrogen, perhaps, 
along with water vapor and spray) is continuously emitted. These gases 
purge volatile fission products from the liquid. The gases must be held below 
their explosive concentrations and recombined under controlled conditions. 
Dilution gas must be circulated over the surface of the solution and through 
de-mister, condensor, catalyst bed, heat exchanger, and circulation pump. 
Argon, air, and oxygen have been used as sweep gases. At a power level of 
35 kw. (SUPO) 0.3 cu.ft./min. of gas is evolved. To assure dilution below 
the explosive limit ten- to one-hundredfold dilution is indicated. At Los 
Alamos 4 cu.ft./min. is the circulation rate. Nitrogen gas accumulates so 
that it must be continuously or intermittently discharged. The system is 
operated normally at slightly below atmospheric pressure. At Raleigh, 
North Carolina, because sulfate is used, there is no accumulation of nitrogen. 

Increase in temperature reduces the efficiency of the chain reaction, so 
that a negative temperative coefficient of 2X 10-4 Ak/k per degree centigrade 
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is observed. From cold to hot operation requires 1.2 per cent excess reac- 
tivity. This has a very strong stabilizing effect. 

Under high-power operating conditions, gas bubbles will always be 
present in the solution. The addition of an increment in reactivity will raise 
the power and heat the solution, raising the vapor pressure of water in the 
bubbles and thereby reducing the density of the solution. Again stability is 
conferred. 

A sudden increase in reactivity if small will result in a rapid power and 
temperature rise with slight increase in bubble size. If the change is appreci- 
able, the solution may reach its boiling point and eject a fraction of the fuel 
and moderator from the system. 

If the critical condition is overestimated, about 1.5 per cent can be ab- 
sorbed in temperature effect. Additional reactivity may be absorbed in 
bubble formation. The kinetics of the system will, however, depend upon a 
relation involving the velocity of sound and the reactor period. The latter 
depends upon the prompt neutron generation time, which will vary with size, 
composition, and reflector. 

As previously mentioned a large fraction of the fission neutrons escape 
from the vessel. The vessel is therefore surrounded bya reflector consisting 
of beryllium, graphite, or other suitable moderators. At Los Alamos the 
inner layer is beryllium oxide, the outer, graphite. At North Carolina, graph- 
ite is used throughout. 

Whenever air is exposed to neutrons, argon-41 is generated. This 2 hr. 
beta-gamma emitter is a serious nuisance around reactor structures. Since 
commercial graphite has a density of 1.6, whereas the crystal lattice has a 
density 2.25, it is 40 per cent void (most of which is interconnected) and acts 
as a radioargon generator. Ventilation is usually provided to maintain the 
reactor shield and reflector slightly below room pressure so that there is a 
reliable flow from the experimental area into the reactor shield. 

Swimming pool reactor.—The principal operating example of the swim- 
ming pool is the Bulk Shielding Facility at Oak Ridge, Tennessee (13 to 17). 
It is in principle an extremely simple installation, consisting of a large deep 
tank of water in which a matrix of fuel assemblies is suspended. These 
elements consist of parallel plates 3X24 in. fabricated from a uranium- 
aluminum alloy encased in pure aluminum. These plates are brazed into 
assemblies consisting of from 5 to 10 plates having a roughly square exterior. 
These fuel assemblies engage a grid so that the final matrix is roughly square 
and contains from 16 to 25 assemblies. The reactor size is therefore 12 to 15 
in. square and 24 in. high. 

The water in the swimming pool serves three simultaneous functions: 
(a) moderator, (6) coolant, and (c) shield. In addition, surrounding water 
may serve as a reflector. A beryllium or graphite reflector may be substituted 
if desirable with appreciable reduction in the required fuel. 

Natural convection through the fuel plate serves to remove heat gener- 
ated. A limit to this mode of heat removal seems to be about 100 kw. total 
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power. For the higher power levels proposed for future reactors a forced cir- 
culation system will be required. Present plans involve 1000 kw. dissipation. 

The ultimate in flexibility is achieved in this design, since the shape of 
the fuel matrix can be accommodated to the particular needs of the experi- 
ment. Samples can be inserted and removed by long-handled manipulators. 
As constructed at Oak Ridge, the reactor is supported from a movable bridge 
so that it can be translated within the tank. 

Reactors planned at Michigan and Penn State are directed toward more 
general research functions than the Bulk Shielding Facility. The tank struc- 
ture is therefore more elaborate and permits access to the exterior of the 
tank. To accommodate neutron beams, the tank wall is perforated, and to 
reduce the beam length, the tank wall is constructed of massive concrete 
similar to other reactor shields. 

Without question this type of reactor is the most flexible reactor avail- 
able. To balance this flexibility a carefully selected and trained crew is 
required. 

Small excursions of reactivity can be absorbed by temperature rise. The 
prompt neutron generation time in light water is 6 X10~* sec. Neutron mul- 
tiplication can therefore occur with a time constant short compared to the 
time for conduction and transfer of heat to coolant. Perhaps 10 msec. is the 
shortest time constant which may be considered safe. This period in a light 
water assembly would be equivalent to 1.3 per cent in excess reactivity. 
1 to 2 per cent is usually considered the maximum acceptable excess reac- 
tivity. 

These values are modified by the presence of a reflector of beryllium or 
carbon, since neutrons escaping to the reflector moderate more slowly and 
diffuse back to the fuel region. They therefore constitute a group of very 
short-period delayed neutrons which will appreciably retard the kinetic be- 
havior of the reactor. A 4 per cent reactivity change does not seem excessive. 

The effects of radiation upon the water in the lattice are those of de- 
composition and activation. At full power, bubbles consisting of hydrogen 
and oxygen as in the case of the water boiler are seen to rise from the swim- 
ming pool assemblies. Quantitatively the problem is less severe since only 
‘y-rays and neutrons escape the fuel element, the fission fragments being 
trapped in the aluminum. Reasonable room ventilation is adequate to 
disperse these gases at 100 kw. At 1000 kw. a hood may be required over the 
fuel region, and a strong air stream would carry dissociation products away. 

Corrosion products and soluble constituents of the concrete tank as well 
as impurities in the water will absorb neutrons so that the pool will even- 
tually become radioactive. This activity has not been found to be excessive 
at the Bulk Shielding Facility. 

CP-5.—The new research reactor at Argonne National Laboratory, 
designated CP-5, is a high-flux (2X10"%cm.~*sec.~) reactor optimized for 
low power (1000 kw.) operation and experimental availability (18, 19). This 
is achieved by using heavy water as a moderator and coolant with swimming 
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pool type fuel elements. Forced circulation D,O cooling is used. An array of 
seventeen fuel assemblies are spaced to permit insertion of control strips 
between rows in a tank containing seven tons of heavy water. This tank is 
surrounded by an additional graphite reflector approximately a foot thick. 

As a central facility for a National Laboratory, extensive research facili- 
ties are incorporated. An installation of this magnitude is beyond the 
financial ability of most institutions. Extensive design work is required to 
take care of items which are minor effects in the other two designs. For 
example, (a) heat dissipation in the graphite reflector requires a separate 
cooling system; (b) heat will be generated near the inner face of the shield 
and must be removed; (c) a circulating helium system with recombiner must 
be installed to avoid possible explosion and loss of heavy water. 

Reduction of the operating criteria would materially reduce the invest- 
ment and considerably simplify the system. The inventory of heavy water 
would not be appreciably affected, however. 

The great advantage to this design is that D,O is a superior moderator, 
having good moderating power and extremely small neutron absorption. If 
minimum uranium and extraneous absorbers are used, neutrons will diffuse 
for a long time before absorption. The thermal flux will be high for a given 
power. Epithermal neutron fluxes will however not be significantly improved. 
Unfortunately flux depression attributable to presence of a sample is extreme 
for the very reason that little absorber is normally present. 

The prompt generation time between creation and absorption of a 
neutron is estimated to be a millisecond. This is exceedingly long compared 
to that in light water. Using the previous criterion of a ten millisecond 
period as the minimum permissible, the reactor can respond to a 10 per cent 
excursion in reactivity without dangerous consequences. 


SELECTION OF DESIGN 


The choice of a reactor design will depend upon a number of considera- 
tions: available funds, research program, location, safety, etc. Each group 
evaluates these various features in a different manner and arrives at a dif- 
ferent solution. For campus use where available space is limited, safety must 
be a major consideration. While no simple statement defines these problems, 
a few generalizations can be made. 

Thermal reactors cannot detonate in the manner of a bomb. No con- 
sideration need be given to shock wave damage nor to thermal radiation. 
Only under the most severe test conditions has it been possible to destroy a 
reactor and to liberate the contained fission products. Hazards from thermal 
reactors are therefore the release of fission products. Present thinking em- 
phasizes the containment of these fission products in the immediate neigh- 
borhood of the reactor, and the protection of nearby people from severe 
exposure. 

The General Electric Company Reactor at West Milton, CP-5, and the 
Duquesne Light Company power plant near Pittsburgh have established 
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precedents. Each of these units is located within a hermetically-sealed build- 
ing so designed as to take any possible pressure change without failure. 

Low-leakage buildings are incorporated at Penn State and at Michigan, 
and will probably become integral features of any urban or campus reactor. 
In addition, the incorporation of shielding into these buildings is being con- 
sidered, so that if all contained fission products are uniformly distributed 
over the interior of the building, persons in the course of normal activities 
outside the building will not be dangerously exposed during a period of, say, 
one hour, necessary to rope off the area. 

These two extraordinary provisions are gaining acceptance in lieu of the 
older reactor safeguard formula. This formula has gained general acceptance 
as a reasonable criterion for isolation of a reactor. It is 


r=0.01 /P 


where r=radial distance in miles, and P=average power in kw. For a 
1000 kw. reactor this is 0.3 mile or 1700 ft., for a 100 kw. reactor it is 0.1 mile 
or 530 ft. Responsible workers will feel more comfortable when this formula 
is met than when it is violated. 

The maximum power is therefore an exceedingly important parameter in 
the selection of a reactor. Research space and extensive facilities will almost 
inevitably increase the power for a given flux. While well-defined fluxes are 
significant for given fields of research, some degree of ingenuity is appropri- 
ate to minimize the flux and hence the power for a given type of work. 

Present experience demonstrates that a flux of 2X10 cm.~*sec.—! can 
be obtained from a water boiler operating at 40 kw., 10" cm.~*sec.“ from a 
swimming pool at 100 kw. using natural circulation, and 10" cm.~*sec.— from 
a CP-5 at 600 kw. If fluxes of 10'* cm.~*sec.—! are required, present water 
boiler designs may not be considered. However, for a flux of 10!* cm.~*sec.“! 
the water boiler represents the smallest power output. 

An additional advantage of small power output is that it minimizes 
refueling. Assuming a 50 per cent duty cycle (more than most universities 
could afford), refueling at 5 per cent burnup would be required once in ten 
years for the 30 kw. water boiler and 100 kw. swimming pool, but would be 
required twice a year for CP-5. The investment in equipment necessary for 
periodic refueling is by no means trivial. 

Separate and distinct from the problem of runaway are the problems of 
normal operation. In simplicity of operation the swimming pool excels. 
CP-5 with its two cooling systems and recombination system is intermediate, 
and the water boiler which involves an extremely active recombination sys- 
tem is most troublesome. Parenthetically it may be remarked that in the 
water boiler it is quite possible to segregate fission products continuously and 
thereby reduce the hazard of a severe accident. 

The development of leaks in the water boiler recombination system is a 
very real operating problem. It does not, however, represent the type of 
hazard which would endanger the public. By maintaining reduced pressure 
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in the system it is possible to detect leaks before fission products are allowed 
to escape. The reactor may be shut down while these fission products are 
allowed to decay. 

Detection and location of leaking fuel assemblies in the swimming pool 
and CP-5 are problems requiring consideration. Likewise these do not repre- 
sent dangerous situations, and means can be devised after failure and 
detection for their correction. 

An additional operating problem is the question of how heavily to load 
the reactor beyond its critical loading. Experiments almost always increase 
leakage or introduce poisons, thereby increasing the fuel requirement for 
steady state operation. Experimental facilities must be so designed that 
sudden removal of equipment or introduction of moderator such as water, 
carbon, etc., will not exceed the range of control within which the reactor will 
automatically compensate. This problem is present in any experimental 
reactor. 

A distinction between the three designs arises when xenon poisoning is 
considered. In solid fuel reactors excess reactivity must be provided to 
override the accumulated Xe after high power operation. The required 
excess‘at 10’ cm.~*sec.~ flux is 0.4 per cent at 10" cm.~*sec.~!, 2 per cent. 
In the water boiler, xenon is continuously removed, so that negligible excess 
reactivity is required for xenon override. 

A further distinction arises in connection with flux distribution. The fuel 
elements for solid fuel reactors are quantized, the last element probably 
adding about 2 per cent in reactivity. As a fuel load is burned, the control 
rods must be continuously removed with a resultant continuous variation in 
the flux distribution. Addition of new elements will markedly change rod 
positions and flux distributions. In a liquid fuel reactor additional fuel may 
be added from time to time to compensate for burnup without appreciable 
effect upon the flux distribution. 

In summary at a flux of 10" cm.~*sec.—! the water boiler and swimming 
pool are competitive in cost and performance, the swimming pool being 
simpler and more flexible, the water boiler representing lower power and 
greater safety, but being more complicated to operate. At 10 cm.~*sec.— 
flux the water boiler is presumed to be impractical. The choice between 
swimming pool and CP-5 will be dictated by the evaluation of versatility, 
simplicity, safety, and cost. CP-5 will certainly be the more expensive (even 
excluding the cost of heavy water). 

Problems external to the reactor itself involve shielding, ventilation, heat 
rejection, emergency cooling, and instrumentation. In most cases these are 
independent of reactor type. 

Shielding involves an appreciable fraction of the cost of the installation 
and requires design evaluation. For small reactor size and large shield 
thickness the shield cost will vary approximately with the cube of the shield 
thickness. Neutron beam intensities will vary approximately inversely as the 
square of the shield thickness. Both considerations as well as building size 
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encourage the use of high efficiency shielding materials (see ‘‘Nuclear 
Radiation Shielding” by E. P. Blizard, pages 73-98, in this volume). 

Ordinary concrete (150 Ib./ft.*) would be required in a thickness of about 
8 ft. Concrete loaded with Barytes (BaSO,) can be poured with a density of 
215 Ib./ft.3. Such material was used at North Carolina State College and is 
being used at Pennsylvania State University. Breazeale, at the latter insti- 
tution, reports a cost of $180.00 per cubic yard in place. At Argonne Na- 
tional Laboratory, the Bookhaven-type shield consisting of iron punchings, 
limonite (hydrated ferric oxide), and portland cement was used. A shield 
thickness of 4.5 ft. has proved more than sufficient. The cost of such a mix 
will depend largely on the current price of selected scrap iron. 

Shielding should be adequate not only for biological reasons but also to 
minimize instrument background. A well-shielded, carefully-supervised 
research reactor can have an instrument background as low as twice or at 
most a few times cosmic-ray background. To accomplish this, careful at- 
tention must be given to details of construction to avoid and eliminate thin 
spots. Constant vigilance must be maintained to control the background con- 
tribution of each experiment. 

Ventilation of the shield is required to prevent radioargon from entering 
the experimental area. (Oxygen-19 is another radioactive product of neutron 
irradiation of air, although its short half life of 29 sec. usually insures decay 
before release.) The product of flux times air volume is a good measure of 
radioargon production, since decay is usually negligible. Consequently free- 
air volumes in the high flux region should be minimized. A thermal column 
and graphite reflector pose serious problems. In CP-5 the graphite reflector 
is in a helium atmosphere—another complication. At North Carolina the 
flux is not sufficiently high to cause great concern. No straightforward solu- 
tion to this problem exists. 

Ventilation air is conventionally discharged from a tall stack. Acceptable 
A“-concentration for an infinite cloud is 10~" curies per cubic centimeter 
(107-3 wc./l). In these types of reactors the infinite cloud is not always a valid 
model, since, because of decay, an infinite cloud can never be formed. A com- 
parable finite cloud calculation considers zero wind velocity and an ever ex- 
panding sphere of gas corrected for argon decay and abrorption. At a dis- 
charge rate of 10,000 cu. ft./min. there is a tenfold error in assuming the 
infinite cloud case. Other radio isotopes produced by bombarding air such 
as A’, O!% O, N}8, C4 are found to be no significant problem in comparison 
to the A* problem. 

Several thousand cubic feet per minute are usually required to assure 
negative pressure within the shield under most severe conditions of open 
experimental ports. With this quantity of air it is sometimes possible to 
remove heat generated from ‘y-ray absorption in the reactor structure. 
The conversion of a building with appreciable air flow to a hermetically 
sealed building must be assured in the case of an accident and must be com- 
pletely automatic. This can be accomplished by a trigger mechanism actu- 
ated by a radiation meter within the building. 
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The rejection of heat is usually accomplished by a stream of water. In 
the swimming pool this only need be a cooling coil immersed in the pool. At 
North Carolina an open circuit is used involving once-through circulation of 
tap water through a hold-up and monitoring system to drain. A positive 
device must prevent back siphoning. 

Closed cycles are probably preferable since they eliminate one means of 
losing control over active materials. Heat can be transferred from the 
primary system, passing through the reactor, to a secondary system which 
can be cooled in a spray tower. If large amounts of air are required to dilute 
radioargon, there is no reason why heat should not be directly transferred 
to this air stream through finned exchangers. A high temperature stack dis- 
charge will assist in diluting the effluent. 

After sudden termination of the chain reaction, heat continues to be 
generated from the decay of fission products and from fission resulting from 
delayed neutrons. The power output will fall within a few seconds to 10 per 
cent of the operating power. After 10 min. it will fall to 3 per cent and there- 
after diminish roughly as f". The heat capacity of most reactors will take 
care of the first few minutes, but a small cooling stream must be continued 
for a long period. An extremely reliable source of energy must be provided 
which is not subject to interruption under extreme conditions. Gravity flow 
from a head tank is often used. 

Control systems can become excessively elaborate but cannot be simpli- 
fied beyond a certain point. Reactor shutdown must be certain under any 
combination of circumstances. For this reason systems are duplicated to 
achieve statistical independence. More than one type is usually required, 
operating by as diverse principles as possible. Numerous sensing elements 
are connected to what is called the “scram” circuit any one of which can 
shut the reactor down. A minimum set of signals might be these: 

Neutron flux (by two or three different elements) 

Gamma flux 

Power failure 

Fuel or Moderator temperature 

Coolant temperature rise 

Structural temperatures 

Ventilating air activity 

Cooling water activity 

Room air activity 

Coolant flow 

Ventilating air flow 

Reactivity (reactor period) 

Seismograph 
Other signals are required for particular types. For the water boiler measure- 
ments might include solution level, catalyst temperature, purge air flow, 
hydrogen gas concentration. For the swimming pool, they might be water 
level, water activity, motion of bridge. For CP-5 they might be helium pres- 
sure, catalyst temperature, etc. The circuits used must be of the fail-safe 
variety under any foreseeable set of conditions. 
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Conditions during reactor start-up are usually considered to be most 
critical, since most reactors when in steady state operation show remarkable 
ability to respond to changes of operating conditions. Start-up, however is 
a different matter. The power level sometimes changes by a factor of 10° 
to 10° and must be controlled when it approaches operating levels. Reduc- 
tion of the range of power to 10® to 10’ can sometimes be accomplished by 
incorporating permanent neutron sources in the reactor structure. A reactor 
using heavy water moderator has an abundant supply of photoneutrons, so 
start-up is a problem only at initial operation or after replacing fuel. 

Instruments are now available with ranges up to 108 and are eminently 
appropriate for start-up. The most satisfactory instrument so far developed 
is the period meter. This indicates the reactor period independently of power 
level. This is accomplished by differentiating the log of an ionization current. 

Two schools of reactor start-up seem to exist. One relies heavily upon 
instruments to bring the reactor to criticality. Under these conditions the 
reactor can be brought into operation in 5 to 10 min. The other school relies 
more heavily upon the operator and provides mechanical limits on the rate 
of addition of reactivity. Following this procedure usually involves half an 
hour and sometimes more to establish the chain reaction. 


DESIGN EVALUATION 


After the design is well developed, in the United States it is necessary to 
prepare a report for review by the Atomic Energy Commission Advisory 


Committee on Reactor Safeguards. 


In* the terms of the Atomic Energy Act of 1946, the responsibility for safety of re- 
actors lies with the Atomic Energy Commission. The Advisory Committee on Reac- 
tor Safeguards is a committee of the Commission, and we report to the General Man- 
ager, giving him our opinion as to the hazards and problems of reactors and all nuclear 
assemblies, except weapons. The general manager or his appropriate deputy takes 
whatever action he deems desirable, taking into consideration the advice which our 
committee has given. 

Please note that this committee is advisory. We have no power to initiate any 
design. We have no power to change any design, nor to approve or disapprove the 
operation of a reactor. We advise the general manager or his deputy. 

As a matter of practical operation, the committee is asking that all proposals be 
brought to its attention just as soon as the problems and the probable hazards con- 
nected with this reactor can be forseen and the concept of the reactor which is desired 
can be reduced to a few sketches, diagrams, and notes. At the time this preliminary 
information is brought to the attention of the committee, an attempt is made to list 
all of the problems which can be foreseen which must be settled and data which must 
be obtained before any valid evaluation of the hazards can be made. 

Finally, a formal hazards summary report is submitted to the committee for its 
final judgment and recommendations. If we have done this job properly, when the 
hearing and study and consideration of this hazards summary report is made, there 
will be no major problems left to be solved. This is because, we hope, we have agreed 


*C. R. McCuLtoueu, February 17, 1953 P. 24 AECU 2900 (see 6). 
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what the problems are in our preliminary meeting; and you go back and work out the 
answers to these questions so that when we come together at our final meeting, there 
is already a basis of agreement. 


Items to be covered are given under item 04 Hazard Summary Report of 
Chapter 8401 Reactor Safety Determination of the A. E. C. Manual. 


a. The Reactor and Its Operation: 

1. Description of the reactor, including associated facilities, and of the proposed 
site. 

2. Detailed plan of normal operation. 

3. Plan for control of the experiments which will be performed in the reactor, in- 
cluding the limitations which will be placed on the experiments. 

4. The normal schedule of chemical processing and disposal of reactor products. 

5. The normal methods of disposal of radioactive or poisonous effluents—gases, 
liquids and solids. 

6. Description of safety mechanisms of the reactor. 

7. For mobile power plant application, a detailed analysis of the compatibility of 
the reactor design, operating, and safety characteristics with established specifications 
for power systems falling within the category of the intended reactor use. 

b. Hazards: 

1. An enumeration of all potentially hazardous features, including the effects of 
fire in or near the facility housing the reactor. 

2. Experimental information, calculations, assumptions, etc., used in evaluating 
hazards enumerated. 

3. Steps taken to minimize risk. 

4. Extent of release of radioactive material and damage to be expected, if failure 
should occur. 

c. Hazard to Surrounding Area in the Event of Failure and in Normal Operation: 

1. Meteorological data relating to the possible atmospheric dissemination of radio- 
active material and possible extent of hazards to population and industries in the 
event of failure. Methods proposed for the control of stack gases and the possibilities 
of the correlation of reactor operation with meteorological conditions. 

2. Hydrological data on the area, the expected drainage of liquids in the case of a 
major accident, and the distribution of activities in the drainage system under such 
conditions. 

3. Data on local earthquakes, including their intensities and nature of damage 
which could occur in the event of earthquakes of various intensities. 

d. Make-up of Surrounding Area: 

1. Distribution of population within possible hazard radius of the proposed loca- 
tion. 

2. List of vital industrial, national defense, and public service installations within 
possible hazard radius of the proposed location. 


REACTOR CONSTRUCTION 


In the United States a construction license must be negotiated with the 
Atomic Energy Commission defining the project restrictions and arrange- 
ments under the Atomic Energy Act of 1954. 

The manner in which research projects are often carried out at universi- 
ties is for the university to function as the architect-engineer. Under this 
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scheme the members of the engineering school or maintenance department 
supervise design, the maintenance department then places numerous con- 
tracts for excavation, building construction, and the installation of various 
equipment. The reactor and instruments are fabricated in shops and in- 
stalled by members of the academic and service staffs. Initial tests and 
operation are in the hands of the academic staff. North Carolina and Penn 
State have been carrying out their projects in this manner. 

During the past year there has been widespread industrial interest in 
the field, and it is possible to obtain specific industrial contracts for any part 
or all of a reactor project. The University of Michigan is carrying out its 
project by retaining an engineering firm to prepare complete plans. These 
were then issued for lump sum construction bids. At bid opening there were 
34 bidders, many of whom submitted bids on the project as engineered but 
also submitted alternate designs. The University of Utah submitted general 
specifications to several concerns and requested lump sum bids upon a design 
to be specified. 

Under present circumstances it is certainly quicker and probably cheaper 
to contract design and construction rather than to retain the functions of 
architect-engineer. During construction, well-defined arrangements should 
be in effect concerning inspection. This will differ from contract to contract. 
An outside inspector can be retained, a university representative can be 
used or the prime contractor can be given the inspection function. Under 
present circumstances there is little likelihood of voluntary introduction of 
defective materials. 

Certain of the items have functions completely outside the understand- 
ing of normal industry. The shield, for instance, is a massive concrete struc- 
ture and any construction man knows it will not fall down. Insisting that 
there be no voids or faults running any appreciable distance from inside to 
outside is quite unintelligible and is likely to be misunderstood. Use of a 
radium source and counter during concrete placement can often save ex- 
tensive correction at a later date. 

Construction men usually take the attitude that if it isn’t right the first 
time it can always be changed. It is usually extremely hard to convince them 
of the consequences of alterations or failures after initial reactor operation. 


INITIAL OPERATION 


Upon completing construction in the United States a final Atomic 
Energy Commission review will be made of the structure, design changes, 
changes in proposed methods of operation, and facilities for fuel accounta- 
bility, health-safety, and security. The construction license will presumably 
be converted to special materials and utilization facility operating licenses. 
Unless the reactor has an operating prototype of which it is a direct copy, 
special tests may be required at an Atomic Energy Commission site or pos- 
sibly in the proposed installation. Fuel would then be made available and 
the reactor will be ready to operate. 
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No requirements are known concerning the presence of experienced per- 
sonnel during start-up. A proposal to start up a new reactor in a populated 
area without the supervision of an experienced person would have doubtful 
merit. 

In any event it is generally considered desirable to itemize in advance and 
in detail the sequence of start-up operations. Such a document is valuable in 
anticipating equipment needs and in showing flaws in the order of events or 
inadequate data to enable a rapid evaluation of unexpected results. Inde- 
pendent review of the proposed procedures is an invaluable method of in- 
forming the crew in advance and in obtaining perspective. 

The following operations are generally a reasonable way of proceeding: 


I. Testing of complete system without fuel 
a. for leaks 
b. for instrument response, polarity, etc. 
c. safety circuits, all shut down signals 
. Cautious loading of fuel with periodic measurement of multiplication of 
artificial source 
a. observe steady state neutron density 
b. observe transient on removing source 
c. predict criticality by independent extrapolations 
. Prepare reactor as though to operate at full power 
a. Close shielding 
b. check level setting of safety circuits 
. Establish criticality at nominal power 
’, Obtain two or three independent calibrations of power indicator 
a. foil calibration 
b. ion chamber comparison to known source, neutrons and gammas 
c. fission counter or chamber 
VI. Check safety systems by reactor operation 
VII. Calibrate control system 
VIII. Measure reactivity change with temperature, pressure etc. 
IX. Measure reactivity effects of various experimental arrangements, reflector 
position etc. 
X. Simulate various emergencies to check predictions 
XI. Check out cooling system at low power 
XII. Raise power in stages repeating above as necessary 
XIII. Establish operating power and repeat all calibrations 
XIV. Review power operating procedures to confirm their pertinence 
XV. Train operating crew for routine operations. 


While this list appears formidable, it can be carried out in an unexpectedly 
short time. 

The greatest danger is that self-applied pressure will accelerate the pace 
to a dangerous degree. The crew must therefore be carefully watched to 
prevent undue fatigue. Under such conditions data are often taken more 
rapidly than they can be organized and interpreted. This is highly undesir- 
able. At each stage data should be reviewed and completely understood 
before proceeding to the next stage. 
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The safe period of reactor operation is now over and the reactor is ready 
for routine operation. It must be remembered that accidents have never 
occurred with an inexperienced crew operating a new and uncalibrated 
reactor. The real dangers in reactor operation come when the operation is 
routine, the response of the reactor is familiar, and everything is under con- 
trol. In a university environment, particularly, there is a tendency to avoid 
the routine and take short cuts, and it is this virtue of the research scientist, 
making him outstanding in his field, which can constitute a significant and 
real danger to the installation. 

Probably the most effective accident preventive is to be found in a 
sound and well-conceived operating organization which carries real responsi- 
bility and authority. 
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INDUSTRIAL APPLICATIONS (MASS 
SPECTROMETRY)! 


By Cuirrorp E. BERRY AND J. K. WALKER 
Consolidated Engineering Corporation, Pasadena, California 


INTRODUCTION 


Historically, the earliest applications of mass spectrometry were natur- 
ally involved with the study of the properties of matter per se, and this field, 
which we may term the scientific field, continues at a high level of activity. 
In the early 1940’s, however, applications of an industrial or technical 
nature were developed, in which the investigator was concerned with de- 
ducing the composition of a particular sample from its mass spectrum. Be- 
cause of the rapidity and specificity of mass spectrometric methods, these 
technical applications have come to be widely used and accepted in many 
industries; this is true in particular in the petroleum and chemical industries. 

At the present time, many hundreds of instruments are in use in such 
applications throughout the world. A variety of types of instruments are 
commercially available, both in this country and abroad, and, in addition, 
many workers have constructed their own instruments to satisfy special 
requirements. 

In this paper we shall attempt to summarize recent advances in the art 
and to point out some of the current problems. The subject matter naturally 
divides into the following categories: (a) high-molecular weight mass spec- 
trometry; (b) process monitoring; (c) mass spectrometry of solids; (d) auto- 
matic reduction of spectral data. In general, the references include only 
work reported since 1952, although in a few instances of historical impor- 
tance earlier work is cited. 


HiGH MOLECULAR WEIGHT Mass SPECTROMETRY 


The first major application of industrial mass spectrometry was in the 
analysis of mixtures of light hydrocarbons, for which relatively pure cali- 
brating materials were available or easily prepared, and for which interpre- 
tation of spectra was simple. There has been a continuing effort by numerous 
workers in the field to extend the molecular weight range, until at the present 
time hydrocarbon type analyses of materials in the gasoline, kerosene, and 
light gas oil boiling ranges have become standard (1 to 4). These procedures 
will not be discussed here; rather, we will consider the recent extension of 
these techniques to the heavy gas oil, lubricating oil, and wax ranges, and 
to materials other than hydrocarbons. 

Before proceeding to the detailed discussion, it should be pointed out that 


1 The survey of literature pertaining to this review was concluded in January, 1955. 
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the main difficulties at present associated with high molecular weight mass 
spectrometry are not instrumental (except for some problems of stability) 
but rather are primarily concerned with the lack of pure calibrating materials 
and with the difficulties of interpretation of spectra. 

In the present state of the art, it is not possible to analyze for individual 
compounds in complex mixtures of heavy materials, and because of the 
astronomical number of possible isomers this may never be realized except 
in very limited cases. Thus, the investigator must resort to analysis by com- 
pound type, and must utilize chemical or physical separation of groups of 
components of a mixture in combination with mass spectrometry to obtain 
useful information. The mass spectrometer, nonetheless, offers a powerful 
tool for determining the distribution of hydrocarbons in such complex 
mixtures not only according to mass but also by nuclear structural types. 

Qualitative analysis of heavy gas oil—Composition of the heavy gas oil 
range of petroleum still remains a challenge in the oil industry. A combined 
chromatographic, ultraviolet absorption and mass spectrometric technique, 
reported by Lumpkin & Johnson (5), has been developed for the identifica- 
tion and qualitative analysis of compound types, using the method of struc- 
tural correlation of mass spectra previously reported by Kinney & Cook (6). 
Briefly, this method consists of a systematic correlation of nuclear spectral 
ions. It is found that unusually abundant ions are formed for the predomi- 
nant nucleus plus a finite number of substituted groups, e.g, in substituted 
aromatic compounds the nucleus is represented by the benzene ring C.H;*, 
where the substitutions are »(CHe), and where » is equal to 1, 2, or 3. 

Numerous polynuclear or condensed ring compounds can be positively 
identified and their distribution qualitatively determined. The hydrocarbon 
nuclei consist primarily of the type C,Hen-c, where a is an even number. 
Similarly, several substituted thiophene and condensed aromatic-thiophene 
type compounds can be identified in the heavy gas oil. 

Information such as this is extremely valuable to the refining industry, 
where the problem of sulfur removal determines in many cases what products 
can be produced. If the general structure, quantity, and weight distribution 
is known, refining procedures can be used to reduce the sulfur to hydrogen 
sulfide gas for subsequent removal. 

Lubricating oil type analyses.—Applying the principles used in gasoline 
type analyses, Clerc et al. (7) found that the hydrocarbons in lubricating oils 
could be classified as alkanes, noncondensed cyclopentanes, noncondensed 
cyclohexanes, condensed cycloalkanes, monoaromatics, and naphthalenes. 
In order to perform this quantitative analysis it is necessary to identify only 
a relatively small number of discrete mass numbers. Certain mass groups are 
selected so that the fragment ions in the mass spectra are the same for any 
one type regardless of the number of carbon atoms or of the number of rings 
in the molecular structure. The alkanes include all molecules of the structure 
C,Heny2. The noncondensed cycloalkanes classify the following groups as 
one: 
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ry OO oO OO 


Cyclohexanes Cyclopentanes 


The condensed cycloalkanes include all molecules with two carbon atoms 
common to two or more ring structures: 


OO i OO" alt 


The monoaromatics and naphthalenes are distinguished from these group- 
ings by the following characteristic molecular types: 


monoaromatics naphthalenes 
C,H 2n—6 C,H 2n—12 
CrHen-7 CaHon-12 
C nH 2n-8 
C,H 2n-9 


Quantitative analyses are made on these lubricating oils by comparing the 
sum of the various nuclear ions to the total ionization of the sample in the 
C, to Ci: region. This procedure eliminates the need for accurate sample 
metering and normalizes slight operating variables in the mass spectrometer. 
The assumption is made that all hydrocarbons produce equal ion intensities 
in the region of C, to Ci, which is not the case for individual pure hydro- 
carbons but holds for narrow boiling petroleum fractions of any one type. 
The characteristic mass groupings used in the type analysis of lubricating 
oils are shown in Table I. 

A calibration matrix based on an average of 29 alkanes, 4 noncondensed 
cyclopentanes, 12 noncondensed cyclohexanes, 17 condensed cycloalkanes, 
5 monoaromatic concentrates, and 2 naphthalene concentrates is given in 
Table II. The calibration coefficients are tabulated as a percentage of the 
total Cy to Ci: ion intensity. With few exceptions, the accuracy of the de- 
termination is +10 per cent in the high concentration range. Checks made 
on pure hydrocarbons show similar agreement with the exception of the 
isomers containing highly branched aliphatic substitution on the ring struc- 
tures. Olefins determined by this procedure are grouped with the noncon- 
densed cycloalkanes. 
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TABLE I 


Ions CHARACTERISTIC OF LUBRICATING O1L HyDROCARBONS* 








Type Mass Numbers Summed 





Alkanes 70, 71, 84, 85, 99, 113 

Noncondensed Cyclopentanes 69, 83, 97, 111, 125, 139 

Noncondensed Cyclohexanes 83, 97, 111, 125, 139, 153 

Condensed Cycloalkanes 67, 81, 95, 109, 121, 122, 123, 135, 136, 137, 149, 
150, 151 

Monoaromatics 77, 78, 90, 91, 92, 104, 105, 106, 117, 118, 119, 
129, 130, 131, 132, 133, 143, 144, 145, 146 

Naphthalenes 128, 141, 142, 155, 156 





* From Clerc et al. (7). 


Synthetic blends of the various hydrocarbons in the lubricating oil 
and wax range, analyzed before and after dewaxing and urea extraction, 
are tabulated in Tables III and IV. 

Hydrocarbon type analysis of waxes.—In addition to the spectral correla- 
tions for hydrocarbon type analyses, O’Neal (8) has described a technique 
for determining the distribution of structural types by carbon number. In 
the case of wax, the isoalkanes may be differentiated from the normal alkanes 
and cycloalkanes. The normal alkanes exhibit sizeable molecular ions 
(C,Hen+2), but contribute only a few ions of the C,Hen41 and C,H, type. 
The isoalkanes on the other hand, make essentially no contribution to the 
C,Hen42 spectral peaks, but display relatively large C,Ho»-1 and C,Hon 
peaks. This effect is shown graphically in Figure 1 and illustrates the po- 


TABLE II 


CALIBRATION MATRIX* 








Noncondensed 
Cycloalkanes Condensed Mono- 
Alkanes Cyclo- aro- 
Cyclo- Cyclo- alkanes matics 
pentanes hexanes 


Mass 
Numbersf 


Naph- 
thalenes 








70 
69-139 
83-153 
67 
77 

128 


C-Ci 100 





* From Clerc et al. (7). 
} The actual mass numbers summed are those listed in Table I. 
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TABLE III 


HYDROCARBON TypPE ANALYSIS OF LUBRICATING OIL RAFFINATE* 








Hydrocarbon Wax-Oil Dewaxed 
Type Composition Oil 





(%) (%) 
Expt. Calc. 





Alkanes 37 37 10 
Noncondensed Cycloalkanes 40 40 33 
Condensed Cycloalkanes 21 22 21 
Monoaromatics 2 1 1 


—_—. — _ 


100 65 





* From Clerc et al. (7). 


tential for determining both of these types, as well as the cycloalkanes, for 
each molecular carbon number. An example of the distribution of these 
hydrocarbon types found in a petroleum wax is shown in Figure 2 where the 
concentrations of the various types are plotted against carbon number of 
the hydrocarbon molecules. The relative accuracy of determination of the 
normal alkanes in the molecular weight range of the paraffinic waxes is 
shown in Figure 3. A synthetic blend of the normal alkanes is plotted and 
compared to the mass spectrometer determination; an agreement of ap- 
proximately 1 per cent is found throughout the molecular weight range. 
Of primary concern in the development of hydrocarbon type analyses of 
this kind is the possibility of utilizing waste products and products of low 
demand which are prevalent as by-products in a modern refinery. At the 
present time gasoline and lubricating oils are the desired marketable prod- 
ucts; a knowledge of the molecular structure of the waste products often 


TABLE IV 


HYDROCARBON TyPE ANALYSIS UREA EXTRACTION PRODUCTS 
OF A PARAFFIN WAx* 








Charge Products 


Hydrocarbon Type Expt. Calc. Reactive Un-Reactive 





(%) (%) (%) 
87 88 85 
Noncondensed Cycloalkanes 13 12 5 


Condensed Cycloalkanes 0 0 0 
Monoaromatics 0 0 0 


Alkanes 


100 100 90 





* From Clerc et al. (7). 
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sheds some light on the means by which they can be upgraded. It is not diffi- 
cult to conceive of the time when this type of analysis can be used to schedule 
the complete operation of a refinery on the basis of a few simple analyses per- 
formed on the original crude oil. 

Organic chemical analyses.—Development of high-temperature inlet 
systems in mass spectrometry has overcome the limitations of low sample 
vapor pressure in organic chemical analyses; the one remaining limitation in 
this field is that of chemical stability at elevated temperatures. McLafferty 
(9) has reported on a number of applications of high temperature mass 
spectrometry, particularly in the field of aromatic chemicals. In the course 
of his work he has accumulated spectra for 1800 compounds in the following 
general groups: (a) halogenated hydrocarbons, (0) polyhydric alcohols and 
amines, .(c) substituted organic acids, (d) metallic halides, (e) metallo- 
organic compounds, (f) siloxanes, (g) organo-phosphorous chemicals, and 
(h) alkaloids. 


Process MONITORING 


The most important industrial use of the mass spectrometer is as a 
laboratory tool to which are brought individual samples for analysis. There 
is, however, growing interest in another mode of operation, in which a sample 
is piped to the instrument for continuous analysis. Such operation is obvi- 
ously desirable in many applications, e.g., in studying pilot plant operation 
where rapid changes must be followed. In addition, it opens the way for 


automatic control of a process by end-point analysis, in contrast to the 
present widely-used control of the process parameters. 

Instruments designed for industrial use in continuous analysis differ from 
laboratory instruments in certain respects; in particular, (a) there must be 
a means for obtaining continuously a representative sample from high- 
pressure, high-temperature streams, (b) the instrument must be small, in- 


Intensity 
C,H 


OC n-alkanes 
lsoalkanes 
@ Cycloalkanes 


Relative 
NANAN 




















m/e —» 
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Fic. 2. Composition of a paraffin wax from mass spectrometer analysis [O’Neal (8)]. 


expensive, and reliable, and (c), for many applications, the instrument must 
be enclosed in an explosion-proof housing. 
Of these requirements, (a) has been satisfactorily solved (10), the items 


listed under (5) are relative and are in some respects matters of opinion, and 
(c) has not been accomplished but appears to be mainly a matter for good en- 
gineering design. Notwithstanding the considerable efforts now being 
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expended in this field, it is only fair to state that actual installations of 
equipment are few and are largely of an exploratory nature. 

In this section we will consider first some of the instrumentation aspects 
and, second, some typical applications. 

Instrumentation.—The first mass spectrometers used for process monitor- 
ing on a continuous basis were those developed by Nier ef al. (11) for use 
during the war in the separation of uranium isotopes at the gaseous diffusion 
plants. These instruments were used to monitor certain constituents of the 
process stream in order to maintain purity. The instruments utilized con- 
ventional 60° magnetic sector analyzers with a radius of 3 in., and with a 
resolving power of about 70. 

Robinson et al. (10), in 1950, described an experimental instrument for 
use in refinery pilot plant studies. This utilized a 160° magnetic analyzer 
with a 23 in. radius, having a resolving power of 70. The instrument was 
housed in a vapor-tight (not explosion-proof) housing, and contained many 
automatic features, such as periodic standardization by a reference sample. 
Two of these instruments were built for use in exploring the possibilities of 
continuous process monitoring; their use has been described by Lanneau 
(12). 

Next, several smaller experimental instruments were constructed in 
collaboration between Consolidated Engineering Corporation and Esso 
Laboratories, by modifying commercial mass spectrometer leak detectors 
for higher resolving power (about 20) and for semi-automatic operation. The 
results of work with these instruments have also been reported by Lanneau 
(12). 

Following this early work, a number of instrument developments have 
been reported since 1952, all of which are aimed primarily at the problem of 
satisfying the requirements set forth above for process monitoring. In 
practically all cases, these developments involve exploitation of various new 
ideas for mass separation as contrasted with the classical single-focusing 
magnetic analyzer. 

Jernakoff (13), Morgan e¢ al. (14), and Lanneau e¢ al. (15) in a series of 
papers, have described an instrument based on the “‘ion resonance’ (Omega- 
tron) principle, which employs a radiofrequency electric field at right angles 
to a fixed magnetic field. Ions having a cyclotron resonance frequency equal 
to the frequency of the applied electric field gain energy continuously and 
spiral out toa collector. All other ions fail to gain sufficient energy and are not 
collected. While this device has potentially high efficiency, since it requires 
no slits or baffles limiting collection of desired ions, it has also a fundamental 
limitation in that the ionizing and analyzing regions are inseparable. There- 
fore, an extremely low background pressure is required in order to ensure a 
sufficiently high sample-to-background ratio. With this device, resolving 
power of the order of 90 has been reported (14). 

Wilson & Gifford (16) have reported the development of a 180° magnetic 
analyzer having a radius of only 2 cm. and a resolving power of 20. Aside 
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from its small size the instrument is of fairly conventional nature. Walker 
et al. (17) have reported the performance of this instrument. 

Wherry & Kerasek (18) have described an instrument based on the radio- 
frequency mass spectrometer first developed by Bennett (19). In this device 
which requires no magnetic field, ions are injected at the end of a tube con- 
taining a series of transverse grids. By applying a radiofrequency voltage to 
certain of the grids and properly proportioning static electric fields, ions of 
a selected mass can be made to gain more energy in traversing the tube than 
ions of any other mass. The use of a potential barrier in front of the collector 
then selects the desired ions. 

Although numerous papers on this type of mass spectrometer appeared 
prior to that of Wherry & Kerasek, Wherry’s instrument is apparently the 
first in which adequate resolving power (of the order of 100) together with 
both satisfactory intensity and analytical accuracy were achieved. 

Another radiofrequency nonmagnetic analyzer, related to the one just 
described, was reported by Donner (20). This is based on the linear accel- 
erator, but is operated in reverse—that is, as a decelerator. Ions are shot 
through a series of grids, the spacing of which becomes progressively smaller. 
Alternate grids are connected together, and between the two sets thus 
formed a radiofrequency potential is applied. Ions of the correct mass lose 
a maximum of energy as compared with either heavier or lighter ions, and 
are separated at the end by a parallel plate electrostatic analyzer. The re- 
solving power of this device is of the order of 100. 

McLaren & Wiley (21) have described a linear time-of-flight mass spec- 
trometer, based on the early work of Stephens (22), in which short pulses of 
ions are shot into a drift tube at a radiofrequency repetition rate. Since all 
ions have the same energy, their velocities vary inversely as the square 
root of the mass, so that resolution in time and space occurs as the pulses 
traverse the drift tube. The sequence of separated pulses is collected and 
observed on a cathode-ray oscillograph, which gives a continuous display of 
the spectrum or any portion thereof. Resolving power of the order of 100 has 
been reported. 

Robinson & Hall (23) have reported the development of a small mass 
spectrometer utilizing the perfect-focusing properties of crossed electric and 
magnetic fields (cycloidal analyzer), which is based on the early work of 
Bleakney & Hipple (24). In this device, ions are injected into the region of 
crossed fields through a slit and, after traversing one complete loop of a 
cycloid, are brought to a focus at a point which depends only on their mass, 
and which is independent of their initial direction or velocity. Using an 
analyzer with a focal distance of 1.1 in., a resolving power of 150 has been 
obtained. 

Several of the devices just described have become available commercially 
(14, 16, 23), and it is anticipated that others of the group may become 
available in the future. It is plain that a wide range of techniques is being 
applied in devising means for separating ions; however, at the present time 
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there appears to be no clear advantage of one approach over the others. 
Moreover, in the opinion of the writers, the cost and complexity of a mass 
spectrometer appear to be fairly independent of the form of mass separation 
used, but rather to depend mainly on the overall specifications of the instru- 
ment, e.g., mass range, recording speed, flexibility, etc. 

A pplications.—Various types of instruments other than mass spectrom- 
eters are currently being applied to the continuous measurement of certain 
properties of process streams. Among these instruments are nondispersive 
infrared analyzers, ultraviolet analyzers, refractometers, thermal conductiv- 
ity analyzers, and others. In general, most of these devices are nonspecific, 
and often implicit in their use is the assumption that the composition of the 
mixture being analyzed is virtually constant except for the component of 
interest. In a great many cases this is sufficiently true, and devices of this 
sort, because of their simplicity, are naturally chosen. 

On the other hand, many problems exist where several constituents of a 
process stream must be monitored, or where several constituents may change 
as well as the ones of interest. In these cases the mass spectrometer, because 
of its specificity and flexibility, is the only presently available tool. 

The overall requirements for mass spectrometers for such applications 
have been given earlier. In addition to these general requirements, the 
instruments require certain features such as automatic programming to 
permit cyclic recording of only those mass numbers in the spectrum which are 
of interest in a particular problem, and automatic sample switching to permit 
several process streams to be cyclically recorded on the same instrument. 
It is also likely that in the future simple analog computers will be required 
for some problems, in order to present the spectral information in the most 
useful form. 

Typical applications reported in the petroleum, petrochemical, and 
chemical fields, are: (2) monitoring the ethane content of a “‘de-ethanizer”’ 
column (10); (6) monitoring the complete composition of hydrocarbon gas 
streams from reforming pilot units and fluid cracking units (12); (c) moni- 
toring the C;-content of the overhead stream from a butane stabilizer 
column (12); (d) as a key-constituent monitor for light gas streams from 
ethylene recovery plants (12); (e) monitoring feed stock, intermediate 
stream compositions, and final product purity in a Wulff-process plant for 
producing high-purity acetylene or ethylene or both from natural gas (17); 
(f) monitoring an argon stream for trace quantities of O2 and N2;? (g) moni- 
toring an ethylene stream for trace quantities of O2;? (hk) monitoring the 
purity of ethylene oxide;? and (7), continuously measuring the composition 
of the atmosphere in vacuum furnaces, particularly in the vacuum refining 
of titanium.? 

Besides these truly industrial applications, a number of applications 
have been reported where the ability of this type of instrument to follow 


2 These particular applications are known to the writers through private communi- 
cations; no publications exist as yet. 
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dynamic chemical processes has been of importance. These include such 
problems as study of metabolic gas exchange in growing plants (25), measure- 
ment of certain properties of human respiratory systems (26), and study 
of automotive combustion gases (27). It is to be expected that advances in 
instrumentation techniques will permit many more such diverse applications 
in the future. 


ANALYSIS OF SOLIDS 


Mass spectrometer ion sources capable of producing ions from solid 
materials have been known for many years. Although numerous ionizing 
processes have been employed, probably the most important are these: 
(a) vaporization of a sample through heating, following by electron bom- 
bardment of the vapors; (b) direct emission of ions from a heated filament 
coated with the compound to be analyzed; and (c) generation of ions in a 
spark discharge drawn between a sample electrode and another electrode, or 
between two electrodes of the sample. 

All of these techniques have been used (and are being used) for scien- 
tific studies, particularly in applications concerned with the accurate 
measurement of isotopic weights and abundances. Unfortunately, no com- 
mercially available instruments have appeared; this is mainly because of the 
uncertain state of the art, insofar as ionizing solid samples is concerned, 
when compared with the simplicity and versatility of the ion sources used 
for analyzing samples of materials which can be vaporized at room tempera- 
ture or at slightly elevated temperatures. 

The difficulties inherent in the various methods of ionizing solid samples 
may be simply stated. In method (a) (vaporization and electron bombard- 
ment) different constituents of the sample evaporate at different rates, so 
that in principle it is necessary to evaporate the entire sample, and to inte- 
grate the abundance of each ion species in time, in order to arrive at the 
sample composition. In method (0) (direct emission of ions) the efficiency of 
ionization of a given sample constituent depends on the difference between 
its ionization potential and the work function of the emitting surface; thus, 
there is a wide range of efficiencies for different materials, and the method is 
found useful for only about half of the elements in the periodic table. In 
addition, the rate of ionization of a given constituent depends on the com- 
position of the mixture. In method (c) (spark discharge) all materials present 
in the sample are ionized with efficiencies equal within an order of magnitude. 
However, the problem of using sensitive electrometer circuits in the vicinity 
of high-voltage high-frequency sparks has not been overcome. Furthermore, 
the spark produces ions of a wide range of energies, requiring both a velocity- 
and direction-focusing analyzer; finally, the fluctuations in the ion current 
caused by fluctuations in the spark require long-term averaging. 

Notwithstanding these difficulties, the use of the mass spectrometer in 
determining the composition of alloys has long appeared attractive, part 
ticularly because the mass spectrum of an alloy is simpler and should permit 
easier interpretation than the emission spectrum, for example. Also, certain 
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elements which do not produce lines in an emission spectrum should be 
observable in a mass spectrum. 

Probably the first serious attempt to devise an instrument for alloy 
analysis was that of Gorman ef al. (28), who used a spark source in a Demp- 
ster double-focusing analyzer. In order to overcome the fluctuations in the 
spark, they measured not the ion current at a given mass, but rather the 
ratio of that current to a fixed fraction of the total unresolved ion current. 
In typical analyses of certain stainless steels, limits of detectability of minor 
constituents of the order of 0.1 per cent were reported. Unfortunately, this 
work has not been continued. 

A more recent application has been that of Hannay (29, 30), who used a 
spark source in a Mattauch double-focusing analyzer for measuring the 
impurities in a nearly pure germanium. By using careful calibration tech- 
niques in combination with photographic detection, he was able to deter- 
mine, within an order of magnitude, impurities as low as one part in ten 
million, and to measure surface contaminations of the order of one-tenth of 
a monolayer. 

Before leaving this section, one powerful technique which shows great 
promise in certain applications will be mentioned; this is the technique of 
isotope dilution (31). This method is suited to the determination of the 
amount of a particular element present in a heterogeneous sample, provided 
that this element exists in more than one isotopic form and provided that 
samples of the element in question are available with the normally rarer 
isotope substantially enriched. Briefly, the procedure consists of adding a 
known weight of the enriched material to a known weight of the unknown, 
effecting an isotopic equilibrium, and extracting an arbitrary amount of the 
element in question (not necessarily a pure extraction). Comparison of the 
isotope ratios of the original material, the added material, and the extracted 
material, together with the weights used, provides a close determination of 
the amount of the element originally present. 

It should be pointed out that with any of the methods of ionization of 
solid samples previously mentioned, the inherent limitations become second- 
or higher-order effects when isotope ratios are measured, so that these limi- 
tations are not pertinent to the isotope dilution method. On the other hand, 
the use of this method to determine the entire composition of a sample would 
be extremely tedious, and at the present time is limited by the nonavailabili- 
ty of enriched samples of all of the elements which it might be desired to 
measure. 


AUTOMATIC REDUCTION OF SPECTRAL DATA 


The use of the mass spectrometer in determining chemical composition of 
mixtures of substances is based on the fact that a properly designed instru- 
ment produces a spectrum of a mixture which is a linear superposition of the 
spectra of the constituents of the mixture. The instrument is thus used as 
an empirical device, being calibrated with unit amounts of the pure ma- 
terials expected in a given mixture. Because of the linear superposition 
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property, the calculation of a mixture spectrum involves, in the general case, 
the solution of a set of linear simultaneous equations.’ 

The data reduction techniques used since the inception of industrial 
mass spectrometry have gone through four distinct phases: (a) manual 
reading of the recorded spectrum, and computation using a desk calculator; 
(b) manual reading, followed by analog computation; (c) manual reading, 
followed by automatic digital computation; (d) automatic digital recording, 
followed by automatic digital computation. 

The main factor influencing this sequence of techniques has been the 
desire to reduce the time required to complete an analysis. This is important 
for two reasons; first, by reducing man hours, the costs of analysis are re- 
duced, and, second, by reducing elapsed time, closer control of the process 
involved is achieved. The latter factor is particularly important in pilot 
plant work. 

It should be understood, of course, that the later techniques have not 
replaced the earlier ones completely, and that the technique chosen by any 
laboratory depends on such factors as the availability of computing equip- 
ment and the sample load. 

In performing a mass spectrometric analysis using techniques (a), (0), 
or (c), there are three well-defined steps: first, the spectrum is recorded, 
second, the recorded spectrum is read and tabulated, and, third, the tabular 
values are subjected to computation. By the time phase (c) had been 
reached, advances in the mass spectrometer and in high-speed digital com- 
puters made it apparent that the most fruitful area for reducing both 
elapsed time and man hours lay in the area of reading and tabulating the 
recorded spectra. Thus, recent efforts have been directed mainly at this 
aspect. 

Two systems have been reported recently which automatize the gather- 
ing of spectral information in digital form. The first of these (32), developed 
by Consolidated Engineering Corporation‘ is comprised basically of (a) a 
program unit which sequentially selects a series of predetermined mass 
numbers, (b) a converter for digitizing the magnitude of the ion current 
at each selected mass number, and (c) an output device which may consist 
of an electric typewriter, or a card or tape punch. The output device records 
in digital form a code giving the mass number, a code giving the scale factor 
for the reading, and the ion current reading itself. Thus, all necessary in- 
formation for an automatic calculation is obtained. The analog-digital con- 
verter used in this scheme employs a self-balancing digital potentiometer 
which provides digital output in the form of electrical contact closures. 

The other system which has been reported (33) is a joint development 


3 In certain cases, the coefficient matrix of the set may be essentially triangular, or 
even diagonal (e.g., in a mixture of the rare gases, where the spectra of the individual 
constituents do not overlap). 

* This device is sold under the trade name ‘‘SpectroSADIC” and is referred to by 
this name in most of the literature. 
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of the Atlantic Refining Company and the Physics Research Corporation.® 
This system starts out with a program unit essentially the same as the Con- 
solidated system. The analog-digital converter, however, is radically differ- 
ent, consisting of a cathode ray tube containing a coded mask. The output 
signal of the mass spectrometer deflects the electron beam in the tube so 
that a particular line of the code is picked out, and a sweep of the beam 
along this code line produces a series of pulses representing the digital value 
of the original ion current signal. In order to obtain sufficient dynamic 
range, a logarithmic amplifier is used between the mass spectrometer and 
the converter, and the antilog is obtained during subsequent computation. 
The final portion of this system is a small, general-purpose digital computer. 
Although the system is basically designed so that the mass spectrometer and 
computer work simultaneously on a given sample, it is possible to store 
digital spectral information on punched tape for later use. 

Dudenbostel & Priestley (34) have discussed the use of such systems, and 
give the time savings gained over two previous methods of handling data. 
They show that a more than fourfold reduction in man hours per sample has 
resulted from completely automatic operation as compared with manual 
reading and analog computation [phase (b) above]. 

The systems just discussed find their greatest usefulness in laboratories 
where routine analysis of a great many similar samples is required. However, 
in nonroutine work, or in work of an exploratory nature, complete rather 
than partial spectra are needed, so that these devices become less useful. 
On the other hand, automatic digital presentation of complete spectra ap- 
pears highly desirable, particularly in high-molecular-weight work, where 
datum points at as many as 600 mass numbers may be required for a single 
sample. For this reason a number of laboratories are working on devices for 
digitizing an entire spectrum.® Unfortunately, none of these devices has 
materialized at this writing, and no publications have been made. 

Turning to the computational problem per se, from a mathematical 
standpoint the solution of a set of simultaneous equations offers no difficulty, 
and a high-speed digital computer can be coded to solve a given set of equa- 
tions in a variety of ways.’ Difficulties arise, however, in the areas of (a) in- 
strument instability or long-term drift in spectra, resulting in both random 
and systematic errors in analysis, and (b) choice of the ‘‘best possible”’ 
method of treating the redundancy of data which generally arises. 

Barnard & Fox (35) have discussed the possible criteria to apply in 
deciding how best to use the redundant data. They point out three possible 


5 Now a part of Marchant Research, Inc. 

6 Various private communications. 

7 Since a given set of calibrating data is used as long as possible (often for many 
months) there is no point in performing for each analysis a direct solution of the set of 
equations; rather, it is common practice to invert the matrix comprised of calibration 
data, so that subsequent analyses merely require the multiplication of a vector by a 
square matrix. 
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methods, which are summarized below: 

(a) From the original data, only enough rows of coefficients are chosen to 
form a square matrix, which¥can}then be solved exactly. The results are 
checked in the unused rows, and final ad hoc adjustments are made in the 
results so as to distribute the residuals in a reasonable manner. Obviously, 
considerable judgment is required, as the criterion of adjustment is not clear- 
cut. 

(b) All of the original data are used, by linearly combining certain rows 
(perhaps in a weighted manner) so as to form a square matrix. This method 
also requires judgment in that it is not clear, a priori, which rows should be 
combined and what weights if any should be used. 

(c) All of the data are used in a least squares solution, in which the rows 
are initially weighted on the assumption that all are equally reliable. Thus, 
no a posteriori judgment or adjustment is required. 

In comparing methods (a) and (c), Barnard & Fox found little difference 
in results on analyses run shortly after calibrations were made, and slight 
preference for method (c) for analyses made at a later time. However, these 
studies were made with mixtures involving relatively small redundancy of 
data. In general, for highly redundant systems method (c) might be expected 
to give higher average accuracy, although the accuracy for those constituents 
of the mixture which contribute only at a few points of the spectrum will 
suffer because of the redistribution of errors inherent in the method. 

It is clear that this is a difficult problem, requiring much empirical study. 


It is to be hoped that the rapid mathematical experimentation now possible 
with modern computing machines will permit clarification of the difficulties. 
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RADIATION CHEMISTRY 


By F. S. DAINTON 
Department of Physical Chemistry, University of Leeds, Leeds, England 


The first review of Radiation Chemistry in the Annual Review of Nuclear 
Science was by Magee (1) and, since he not only covered the work published 
during 1953 but also included in his survey certain important publications 
which appeared prior to 1953, this article will be largely confined to advances 
made during the period February, 1954 to January, 1955 inclusive. During 
this period, a second, posthumous edition of Lea’s valuable monograph (2) 
has appeared, the proceedings of an Informal Conference on Physical and 
Chemical Aspects of Basic Mechanisms in Radiology (3) held during May 
seventh to ninth, 1953 have been issued, and also the usual Annual Report (4) 
has been pulished. A notable event had been the appearance of Volume I 
of Radiation Research, a new journal which seems likely to attract many 
articles on Radiation Chemistry. 

In a review of this kind it is not possible to mention every paper which has 
actual or potential relevance to the main subject, nor have I attempted to do 
this. It has seemed to me to be preferable to restrict the discussion to systems 
in which the absorption of high energy radiations has resulted in a detectable 
chemical change or in which physical changes have been observed which can 
be directly related to chemical changes with some certainty. For example 
reference to radiation damage to metals and crystals, other than ice, will be 
omitted, whereas changes in the physical and chemical properties of amor- 
phous, glassy, or partly crystalline, long chain organic compounds, including 
polymers, will be treated. Likewise, biological systems will only be discussed 
where their properties throw new light on the radiation chemistry of water; 
and all im vivo systems will be passed over. 

The central problem of Radiation Chemistry is to identify the spatial 
and temporal characteristics of each step which takes place between the 
passage of the initial charged particle and the formation of the reaction prod- 
ucts; and the general line of attack is as follows. First, the final products 
must be identified and their ‘“‘G values’? determined, i.e. the number of 
molecules of each product formed per 100 ev energy absorbed by the whole 
system as a consequence of the absorption of the radiation. When the de- 
pendences of the G values on various parameters such as dose rate, concen- 
trations of reagents or other added substances, temperature, pH, and other 
factors are known, it is generally possible to make useful deductions about 
the nature of the immediate chemical antecedents of the products, and occa- 
sionally it is possible to estimate the lifetime and spatial distribution of these 
precursors. The next step is to test these hypotheses by other means which 
may include such diagnostic chemical procedures as the addition of ‘‘radical 
catchers’’ or ‘‘scavengers’’ and by physical observations such as spectroscopic 
and magnetic measurements. If the postulated intermediates can be gener- 
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ated by means not involving ionising radiation then radiomimetic and other 
studies can be made which often afford useful information about the inter- 
mediates; examples of this will be given. The chemically significant inter- 
mediates are often atoms or free radicals which may have originated from 
the breakdown of excited molecules or from molecular ions in spontaneous or 
charge-transfer processes; and it is a requirement that the parent species 
and its distribution should be consistent with the theoretical physicists’ 
picture of the process of energy loss of the absorbed radiation and with the 
experimental physicists’ information about their properties, as derived from, 
say, mass-spectroscopic data and the properties of ions in gases. For his part 
the theoretician can help the chemist by provision of a great range of in- 
formation, for example concerning the electronic states of the molecules, the 
dipole-relaxation characteristics of the solvent, energy and charge transfer 
cross sections, and time scales of processes. Considerations of this kind have, 
with one exception, determined the classification adopted in this review; the 
exception is the Radiation Chemistry of Water and Aqueous Systems which 
has commanded the attention of chemists to a greater extent than any other 
subject and which will be dealt with separately. 


SourcEs, ENERGY ABSORPTION, AND PHysiIcCAL DOSIMETRY 


No major innovation in types of sources, either internal or external, has 
taken place. A convenient, simple Co® y-ray source which permits samples 
of varying sizes to be irradiated at intensities up to 3,000 r/min. and at 
temperatures from liquid air to several hundred degrees C. has been de- 
scribed by Firestone & Willard (5). Sr-Y*% sources of B-particles are likely to 
find wide application. They have already been used by Hardwick (6) in 
studies on aqueous solutions and by Dainton, Ivin & Sheard (7) for initiating 
polymerisation in liquid sulphur dioxide. In view of the increased interest in 
heavy particle radiation it is not surprising that the notorious difficulties 
in using Po#® as an a-particle source have been overcome for both external 
and internal sources. For the former, Miller & Wilkinson (8) deposited 
polonium on a platinum disc and covered the surface with thin mica, whilst 
for the latter the same workers used a solution of polonium sulphate contain- 
ing ~5 mc. per ml. prepared by dissolving in 1N H2SO, the hydroxide which 
had been coprecipitated with Nd(OH); from nitric acid solution. The prop- 
erties of these sources have been carefully investigated by these authors. 
The Pt foil technique has also been used by McDonell & Hart (9), and the 
group at the Institut du Radium (10) have prepared satisfactory internal 
sources by dissolving in acid polonium peroxide which had been anodically 
deposited on gold immediately before. Pile radiation has been used by many 
workers, and some irradiations have been carried out by recoil particles from 
(n,a) reactions such as B!°(n,a)Li’ and Li®(n,a)T* (9). All these sources are 
likely to be used extensively in the future. 

Machine accelerated ions have several desirable features, particularly in 
connection with dosimetry, and amongst those used during 1954 have been 
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cyclotron 28 and 35 Mev He ions (11). At the other end of the energy scale 
the cheap and easily monitored glow discharge anode system (12), in which 
positively charged gaseous ions with an energy of 600 ev. enter the solution, 
obviously has its utility for producing conditions somewhat analogous to 
those obtaining at the end of a particle track. 

In chemical processes proceeding via an intermediate produced at a rate 
proportional to the intensity of the radiation and disappearing at a rate pro- 
portional to the square of its own concentration, data concerning the lifetime 
of the intermediate and its reactivity with other molecules can be obtained 
by using either intermittent radiation of variable flashing time, or single 
high intensity pulses. In photochemistry these techniques, referred to as the 
rotating sector technique and flash photolysis have long been used. In 
radiation chemistry the analogous techniques have only just begun to be 
applied. Controlled intermittency of y-rays was first achieved by Hart & 
Matheson (13) by fixing the substance to be irradiated on a rotating wheel, so 
that it was carried through the beam from an 80c. Co® source, and by 
Dainton & Rowbottom (14), who kept the sample fixed in position and ar- 
ranged for mechanical alternate insertion and withdrawal of a 650 mc. Co 
source. A better arrangement is that adopted by Spinks et al. (15) who inter- 
rupted the narrow beam from a 1100c. Co y-ray source by a 1 in 3 sector 
cut from a solid steel cylinder 12 in. long and 6 in. in diameter and rotated 
about its figure axis at controlled rates varying from circa 6000 to 6 rpm. 
Controlled pulsed radiation has not yet been applied. 

There has been continuing activity in the perennial problem of physical 
dosimetry and cognate problems, such as backscatter of high energy elec- 
trons (16), straggling (17), the determination of W (=energy to create an ion 
pair in mixed as well as in pure gases) (18), the spatial distribution of the 
energy dissipation by high energy x-rays (19), and improvements in the cal- 
culations for the energy loss per unit length of track (20) conveniently desig- 
nated by Zirkle (21) as L.E.T. (linear energy transfer). The interest of 
radiation chemists in this problem has been focused on absolute determina- 
tions of the energy absorbed in aqueous systems irradiated by photons or fast 
electrons. Such determinations may be made by direct calorimetry, in the 
manner described by Lazo, Dewhurst & Burton (22) for CO® y-rays, or in- 
directly by power input or ionisation methods. The power-input method has 
been used for high energy (1 and 2 Mev) cathode rays with full and careful 
corrections for backscatter, window absorption, and bremsstrahlung. Both of 
these methods have been applied and yield G values for the oxidation of fer- 
rous sulphate in air-saturated 0.8 N H2SOQ, solution of 15.8+0.3 (22) and 15.6 
+0.5 (23) respectively. These values are in gross disagreement with values 
obtained prior to 1954 by the ionisation method, including the careful work 
of Miller (24), who found a constant yield of 20.3 for dose rates up to 105 
r/min. using x-radiation of energy between 1.5 and 2.25 Mev. Lower values 
of G had been obtained by the ionisation method, e.g. 16.7 [Hochanadel & 
Ghormley (25)], and during 1954 several others have appeared which are 
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listed below in Table I. The varying values of Wair given in column three, 

emphasise that the good agreement is more apparent than real. It is not 

possible to say that this important discrepancy has been fully accounted for. 
TABLE I 


G-VALUES IN THE OXIDATION OF FERROUS SULPHATE 








Value of Wair 





Radiation G Reference 
used 
24.5 Mev x-rays 15.9+0.4 $2.5 (26) 
Co® y-rays 15.9+0.4 32.5 (26) 
1 Mev x-rays 15.9+0.5 34.3 (27) 
200 kvp x-rays 16.2+0.8 35.0 (28) 
Ra and Co® y-rays 20.8 32.5 (probably) (60) 





It may well be that the value of Wair for high energy electrons should be 
larger than the 32.5 ev commonly used. Internal a- or B-particle sources pre- 
sent fewer problems, and good agreement between the results for the 
molecular hydrogen yield and the ferrous oxidation yield has been obtained 
by workers in Edinburgh (8), Paris (10), and Chicago (9). 


CHEMICAL DOSIMETRY* 


A chemical reaction of known G value which is readily reproducible, in- 
dependent of intensity, and not very temperature-dependent can be used as 
an accurate dosimeter and, once calibrated for the radiation to be used, has 
many advantages. Reactions which meet these requirements usually possess 
G values less than 20 and are, therefore, of little value for the measurement 
of small doses, for which the use of electronic devices is preferable. The 
employment of chain reactions provides the necessary magnification but also 
generally requires much more stringent conditions to achieve the repro- 
ducibility; moreover the G values of many chain reactions are intensity de- 
pendent. The requisite sensitivity can sometimes be attained by calorimetric 
or tracer analytical methods. Thus R¢dstam and Svedberg (29) claim that by 
using Fe®® as a tracer the ferrous sulphate actinometer can be used to measure 
doses in the range from 0 to 100 r with an accuracy of 2 r; and Suttle (30) 
has shown that the bromoform-crystal violet system will give a detectable 
colour with a dose as small as 5 r. An aqueous solution of an indicator in 
contact with a low molecular weight chlorinated hydrocarbon can also 
serve as a stable and reliable actinometer (31). 


* Note added in proof: Ehrenberg & Sacland (149) have determined Gz, « + + (Ox, 
0.8) for various particle radiations resulting from the interaction of pile neutrons with 
various elements, thereby enabling a most valuable extension of the utility of the fer- 
rous sulphate dosimeter. 

















RADIATION CHEMISTRY 217 





Actinometry can be used to best advantage in integral dosimetry for 
large doses when the dose-rate is fluctuating, e.g. in a pile under variable 
operating conditions. Recently Hart and co-workers (32, 33) have suggested 
that the measurement of molecular products, the G values of which are 
around unity, would be suitable and have recommended two methods. The 
first method is to measure manometrically the total gas (=2H2+0O2) 
evolved from aqueous potassium iodide solution; and the second method is to 
measure the ferric ion formed when an acidified solution of ferrous and 
cupric sulphates is irradiated. Both methods can be adapted to the measure- 
ment of neutron fluxes by the addition of boric acid to the solution. The sec- 
ond method is interesting in that it relies on the cupric ion being reduced by 
hydroperoxy radicals, 


Cut* + HO, — Cut + H* + O, :. 


the resultant cuprous ion reducing any ferric ion in the system according to 
Cut + Fet** > Cu** + Fet* 2 


so that any net oxidation of ferrous ion which is observed is attributable only 
to the ‘‘molecular’’ hydrogen peroxide generated. This method only meas- 
ures the hydrogen peroxide yield provided Gy =Gon. In passing, it should be 
noted that the agreement concerning the values for the ferrous sulphate sys- 
tem using Po?!* a-particles extends the utility of this reaction as an actinom- 
eter to 5.3 Mev a-particles. 


PRIMARY PROCESSES 


The year under review has seen steady progress in the acquisition of new 
experimental data relevant to the general problem of the processes which 
occur within about 10-7 sec. after a molecule has been traversed by a fast 
charged particle. In the particular case of liquid water the advantages and 
shortcomings of the two competing theories of the primary processes in this 
medium have become more clearly delineated. This latter point will be dis- 
cussed in the section on aqueous solutions. 

Mass spectrometry continues to provide useful information concerning 
the formation and stability of molecular ions in the gas phase. In addition to 
data concerning molecular ionisation potentials obtained [see, for example 
(34)], ionisation potentials of radicals have been measured (35) and some 
progress has been made in the experimental study of dissociative electron 
capture (36). Perhaps the results of most obvious significance to radiation 
chemistry are those of Lindholm (37) who has studied the positive ions 
formed when CO., H.O, HS, NH3 CH,, and N.O are bombarded with 
atomic ions (At*, Kr*+*, Net, F+, At, Krt, Ot, Cl*, Brt, Ct, Pt, St, Set 
Zn*, Bt, and H,O*) which have been accelerated through 500 ev. Large 
collision cross-sections were obtained for resonance transfer only, i.e. when 
the recombination energy of the atomic ion coincided with the appearance 
potential of the fragments of the target molecule. In water vapour H,Ot 
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and OH? are the predominant species: the former is usually in excess of the 
latter, but the ratio[OH*]/[H.O*] 21 for Kr**, Net, and F*. In H.S, the 
radical ion SH* is always formed in greater amounts than H,St. Collinson 
(4) has drawn attention to the particular relevance of these studies to the 
conditions at the end of a-particle tracks and suggested that OH*t may 
occupy a role in these systems of hitherto unsuspected importance which 
might account for the known greater ease of carrying out oxidation by a- 
rays than by B- or y-rays. 

A detailed survey of the mass-spectral data of a large number of organic 
compounds has been made by Pahl (38), who has shown that there is a sys- 
tematic variation of the “average fracture quotient,” Qg. with the number of 
bonds in a molecule, Zg. Os is defined as 


1 dis 


me Lhe 


where Jp is the intensity of appearance of a positive ion resulting from a 
bond fracture and Jy is the intensity of appearance of the undecomposed 
molecular ions. Substituent effects are clearly apparent in this work but 
whether structural influences are significant at higher electron energies is 
doubtful, although Leder & Marton (39) have shown that the energy loss 
of 30 kev electrons in thin films of the oxides of certain elements differs from 
that of the sulphides. 

To detect and identify free radicals in irradiated systems, paramagnetic 
resonance measurements may be used. For example, free radicals on the 
nitrogen atoms have been identified by Combrisson & Uebersfeld (40) in 
aminv acids irradiated with a dose of circa 10’ r gamma radiation; and the 
same authors have observed a resonance spectrum in irradiated plastics, 
which also display a post-irradiation decay of the absorption. The results 
obtained for ice and solid solutions of ice and certain other substances are 
especially interesting and will be referred to later. 

Essex (41) has shown that the extents to which the processes of (a) ion re- 
combination, (b) dissociative electron attachment, (c) dissociation without 
electron capture, and (d) dissociation accompanying ionisation, each con- 
tribute to the observed chemical change can often be determined in gas 
phase reactions by studying the effect on the yield of clearing fields of various 
strengths in conjunction with a Loeb Electron Filter. In the cases of am- 
monia decomposition and hydrogen chloride synthesis ion recombination 
plays a large part, but this is not true for the a-ray-induced decomposition 
of nitrous oxide for which process (c) 


e~+NO0O-e+N.+0 ae 





plays a large part. In addition to these processes, charge transfer between 
ions, e.g. Xt+ Y-—X-+ Y or between ions and atoms, e.g. At-+B—-A+Bt 
may be important. In a recent discussion (42), D.R. Bates has pointed out 
that the application of Landau & Zener’s method to interionic transfer leads 
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to the conclusion that the transfer coefficient is a maximum, not when the 
transfer is thermoneutral but when it is exothermic by a few electron volts. 

In the last few years the notion that an appreciable fraction of the chem- 
ical change may be derived from excitation has received increasing support 
and there are signs that attempts are being made to identify the excited 
levels involved, to investigate their stability towards dissociation and re- 
agents, and tolearn about inter- and intramolecular energy transfer phenom- 
ena [see for example (1) pp. 174-79]. The absorption coefficients of water 
in the vacuum ultraviolet have been measured by Watanabe & Zelikoff (43), 
who assign the diffuse band with a maximum at 1650 A to excitation to a 
level which is assumed to undergo predissociation to H2(!2gt) and O (!D). 
The presumption that this transition occurs to any extent under secondary 
electron impact in aqueous systems might form the basis of an alternative 
explanation of the ‘‘molecular’’ yield of hydrogen and its remarkable in- 
sensitivity to solute type or concentration. Another excited level which 
may play a part in the radiation chemistry of water is the long-lived linear 
triplet state, the existence of which has been proposed on theoretical grounds 
by Niira (44). Other evidence for excited species in irradiated water will be 
presented later but at this point it is useful to reflect that if all the energy 
not employed in ionisation is used in excitation then the molecules so pro- 
duced give rise to much less chemical change than would be expected. There 
are at least two possible reasons for this. The first is that if chemical reaction 
attributable to the formation of the excited molecules is preceded by their 
dissociation, the dissociative process may be inefficient because of the ‘‘cage”’ 
effect. Evidence for this effect in solution photochemistry is steadily ac- 
cumulating. Thus Lampe & Noyes (45) have shown that the quantum yield 
for the photodissociation of molecular iodine in organic media is always 
less than unity, and that it decreases with the molecular weight of the solvent 
and increases with rise of temperature. Likewise Taube et al. (46, 47) have 
shown that in the photodissociation of the halogens and of hydrogen peroxide 
in aqueous solution there is considerable primary recombination. Evidence 
for a similar effect is also provided by activity retention measurements in 
carbon tetrachloride (48). A second reason might be that the excited mole- 
cules are deactivated or that the excitation energy is emitted as light. The 
former explanation is rendered unlikely by the attainment of a limiting value 
of the measured radical yield at quite low solute concentrations. The ob- 
jection to the latter is that even if light is emitted (49), which has been 
disputed (50), it occurs at very short wave lengths where the extinction by 
the medium is high and therefore the excitation is likely to persist, until 
finally a molecule is dissociated. 

Another suggestion which has been made (51) is that slow secondary 
electrons might excite optical levels of solute molecules. However this is a 
“direct” effect which would lead to a concentration dependence of the 
chemical yield and is therefore not germane to the general problem of the 
role of excitation in “indirect” action. 
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If excited species are involved in the primary act, problems of energy, 
transfer become important, Considerable progress has been made in this 
field from investigations of scintillation and “protection” effects in multi- 
component systems. These systems together with studies of intramolecular 
energy transfer will be reserved for later discussion. For the present purpose 
it will suffice to note that intermolecular transport of electronic energy 
requires an overlap of energy levels of acceptor and donor, whether it pro- 
ceeds by a “‘photon cascade”’ or an ‘“‘exciton’’ mechanism. 


GASEOUS INORGANIC SYSTEMS 


Essex (41) has revised his published and unpublished data on the effect 
of clearing fields on the decompositions of ammonia, nitrous oxide, and 
azomethane and on the hydrogen-chlorine reaction when induced by a- 
particles, drawing attention to the fractions of the total chemical change 
associated with each of four primary processes for each of the reactions in- 
vestigated. Sr-Y% 6-particles have been used to initiate the decomposition 
of carbon dioxide gas at room temperature (52). In pure carbon dioxide 
only small amounts of carbon monoxide and oxygen are formed, because of 
the existence of a very rapid back reaction. If 0.2 mole per cent of nitrogen 
dioxide is added the rate of the radiolysis increases fivefold and the initial G 
value is about 10. The mechanism is not discussed but presumably the fol- 
lowing reactions are involved 


CO, —~~-— CO + O (forward reaction) 
CO+ 0+ M-—CO: + M (back reaction) 
NO; + Oo oN Oo + Oz 


the nitrogen dioxide retarding the back reaction by withdrawing oxygen 
atoms from the system. Nitrogen dioxide has been shown to undergo decom- 
position into nitrogen, oxygen, and nitric oxide (53) when subjected to pile 
radiation. The presence of N2O in the products is regarded by the authors 
as evidence for the formation in the primary act of nitrogen atoms which 
can react with nitrogen dioxide in three different ways [reactions 7(a), 7(d), 
and 7(c)]. 


N + NO: — (a) 2NO, or (6)N:0+0, or (c) Nz +0: is 


The kinetics of the decomposition of ammonia (54, 55) in electric discharges 
have been studied. Nitrogen (G~0.8) and hydrazine (G~2.5) are formed, 
but some of the hydrogen atoms produced in the primary act reduce the 
hydrazine back to ammonia by the sequence of reactions 


H + NH: — NH; third body or wall process 8. 
H a N2H, => NH; a NH, 9. 


and, accordingly, the yield of hydrazine can be increased by coating the re- 
action vessel wall with platinum which catalyses the combination of hydro- 
gen atoms. The authors consider that only relatively low excited states of 
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ammonia are involved in this primary act, possibly even below optically 
attainable levels. 

Dorfman & Hemmer (56) have found that tritium §-particles bring about 
the combination of hydrogen and oxygen at 25°C. The G value is about 10 for 
the tritium-oxygen reaction and 13 for the hydrogen-oxygen reaction, and it 
is doubtful whether chains are involved. No hydrogen peroxide was detected 
in the products. 


REACTIONS OF ORGANIC COMPOUNDS 


Pure compounds.—A compilation of data concerning the radiation de- 
composition of pure organic compounds has appeared (57). McDonell & 
Newton (58) have reported that when air-free liquid normal and branched 
chain alcohols are irradiated with 28 Mev helium ions autoreduction and 
autoxidation occur, and hydrogen and saturated hydrocarbons appear in 
the products, together with aldehydes, ketones and glycols. The results can 
be explained by assuming that either the C—C or the C—H links adjacent 
to the carbinol group are usually severed, whereas the hydroxyl group is 
rarely detached. This hypothesis differs from that proposed by Coleby 
et al. (59) to account for indirect action by x-rays on methyl alcoholic solu- 
tions of steroids where it is supposed that hydroxyl radicals are formed; 
but it is in line with the mass-spectral data for alcohols reviewed by Pahl 
(38). 

Solutions of DPPH.—Some very interesting results have been obtained 
by investigating the bleaching of dilute solutions of the stable free radical 
DPPH (a,e’diphenylpicrylhydrazyl) in chloroform and methyl acetate. 
Chapiro et al. (60), using Ra y-rays, 1.2 Mev x-rays, 190 kev x-rays, and 37 
kev x-rays, observed that in the first stages the reaction proceeds smoothly, 
but after 80 to 90 per cent destruction of DPPH secondary reactions make 
their appearance. Above a certain value of the concentration, which depends 
on the dose rate, the initial rate of destruction of DPPH is independent of 
its concentration and proportional to the dose rate, but below this value the 
rate decreases and tends to become dependent on the dose rate. The mech- 
anism adopted for this reaction is that originally proposed by Dainton & 
Miller (61) for single solute indirect action and is summarised 

Rate 
Gril 10. 


ku([R}? 11. 
R+h—-R—h kil R21] 12. 


where S denotes solvent, R the radical formed from it which reacts with 
DPPH (represented by hk) to produce R—h and X is the unknown stable 
product or products formed by the interaction of pairs of R radicals. Two 
extreme concentration ranges may be distinguished. At high concentrations 
where reaction 11 plays a negligible part, the rate=GrJI, where Gp is the 
radical yield and J the dose rate in units of 100 ev. The values of Gr ob- 
tained were high and dependent on the quality of the radiation. Thus taking 
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Greys as 21 (it was measured as 20.8 for 1.2 Mev x-rays and 21.2 for 37 kev 
x-rays using ionisation methods) the values of Gr in chloroform were very 
large, of the order 50(1.2 Mev y-rays), 150(190kv x-rays), and 10°(37kv x- 
rays) and for methyl acetate using y-rays Gr was 16.5. At low concentrations 
where k1;[R]>>[ki2h] the rate is much less than in the high concentration 
range and'the rate expression is k1.[h](GrI/k;;)!/2. The authors define a crit- 
ical solute concentration [h],=(40GrIk1)'/2/ki2, corresponding to a critical 
stationary radical: concentration [R].=k12[h]./40k1, which is arbitrarily 
chosen such that only 2.5 per cent of the radicals are not reacting with the 
DPPH. The observed values of [hk], depend on both the radiation intensity 
and quality, an effect which the authors ascribe to radical distribution in- 
fluences. This point is taken up fully by Chapiro (62) in a later publication, 
the essence of his argument being that since ki2/ki,'/* increases with J, the 
concentration of DPPH to capture 97.5 per cent of the primary radicals 
(i.e. [h].) has to be larger at lower intensities where there are fewer secondary 
electron tracks per unit volume and the initial distribution of the radicals is 
therefore to be regarded as highly inhomogeneous. Chapiro adopts a model 
for this system similar to that proposed by Magee & Samuel (63) for water, 
and supposes that shortly after an electron has passed there will exist two 
groups of radicals, the first group in high local concentration in small clusters 
and the second group forming a “continuous background”’ of lower concen- 
tration. The decay of the concentration of radicals in the first group will de- 
pend on ku, iz and [h] but, except in the unlikely event of an appreciable 
number of clusters from one track coinciding with those of another, will be 
unaffected by the radiation intensity. By contrast the radicals in the con- 
tinuous background derived from one track will mingle with those of others, 
and since the radicals undergo mutual destruction (reaction 11), the time 
constant of their decay will be intensity dependent. This treatment suggests 
that the observed value of [4], will comprise two terms, [h].° appropriate to 
the clusters, and [h]p=(40JGpki1)!/2/ki2 because of the continuous back- 
ground. This, admittedly oversimplified, treatment thus qualitatively ac- 
counts for the observed constancy of [h], at low intensities, and its increase 
with J at high intensities tending to a limiting value of (40/Grk1:)!/*kiz when 
the intensity is so high that there is almost complete overlap of the radicals 
from different tracks. This approach lends itself to the definition of a “‘homo- 
geneity factor” =[h]./[h]s, which is unity for a uniform distribution. 

This approach is a very interesting one and should be applied further. In 
so doing it should be borne in mind that the homogeneity factor deduced 
from experiments made in this manner will depend on the nature of the 
solute if the latter reacts by a chain reaction. It has already been pointed out 
(64) that if the radicals in the clusters initiate a chain reaction of lifetime 
greater than the lifetime of the radicals in the absence of a solute, then radical 
activity will have a greater time to diffuse away from the track. Chemical 
measures of homogeneity are clearly only measures of “radical reactivity”’ 
distribution. 
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Mixtures.—An increasing amount of work has been carried out on two- 
component systems. Burton & Manion (65) have indicated that in a mixture 
of A and B, protection of A by B, by energy transfer, will not occur if the 
accessible energy levels of B lie above those of A. Under these circumstances 
B may sensitise the radiolysis of A. A case in point, studied by Burton & 
Patrick (66), is the slight sensitisation of the rearrangement decomposition 
of propionaldehyde by benzene-ds, a result which in view of the known 
stability of benzene to radiation (Gy,= ~10~*), might at first sight have 
seemed surprising. However benzene does protect aliphatic hydrocarbons 
against decomposition by electron bombardment, and the argument had 
previously been advanced (67) that this protection involved energy transfer. 
The possibility also existed that the benzene acted as a sink for hydrogen 
atoms which are intermediates for the hydrocarbon decomposition, pre- 
sumably via a reaction of the type 


H + C.Hs — He + residue. 13. 


By studying the isotopic composition and total yields of the hydrogen gas 
evolved from different mixtures of cyclo-hexane and benzene-dg under 1.5 
Mev electron bombardment when reaction 14 should occur, 


H + C,D,—> HD + residue 14. 


Burton & Patrick (67) have shown that radical reactions of this type occupy 
a subsidiary role in the protection mechanism, which is mainly by energy 
transfer. Maddock (68) has suggested that, if the fluorescence efficiency of 
solutes is a measure of the efficiency of energy transfer from solvent to solute 
molecules, then good scintillators in benzene solution might be expected to 
give marked protection to benzene against radiolysis. Burton & Patrick (69) 
have found this not to be the case; neither anthracene nor p-terphenyl pro- 
tect, and m-terpheny] exerts only a slight protective action. The mechanism of 
energy transfer from exicted solvent to solute molecules in organic systems 
has been carefully re-examined by Birks (72) who rejects the “exciton” (70) 
and “‘sensitised fluorescence”’ (71) theories because both theories require a 
degree of electronic coupling which does not exist in organic systems. In- 
stead he suggests a ‘“‘photon cascade’ mechanism, in which the solvent 
molecules in high electronic states fluoresce with a delay time of ~107~" 
sec., the emitted photon being strongly absorbed by neighbouring molecules 
which in turn fluoresce. At each stage some thermal degradation of energy 
occurs until the magnitude of the quantum reaches the normal fluorescence 
value for the first excited level of the solvent or reaches a value at which it can 
excite the fluorescence of the solute. A merit of this theory is that it readily 
accounts for the observation that the efficiency of the scintillator is a func- 
tion of the fluorescing power of the solvent, e.g. p-terphenyl is much less 
efficient in ‘‘nonfluorescent”’ solvents such as paraffin oil, hexane, etc. 

The y-ray induced chlorination of aromatic compounds has been in- 
vestigated and has possible commercial application since, compared with 
photochemical chlorination, nuclear addition is favoured (73). 
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Systems containing alkyl monohalides.—The interrelation between the 
phenomena observed following light absorption, y-ray absorption, and radia- 
tive neutron capture by alkyl halides has been again emphasised in a series 
of papers by Hamill & Williams (74). The quantum yields of iodine forma- 
tion at 3260 and 2537 A, and also the G value for iodine when 50 kvp x-ray 
are used show the same dependence on structure, namely, an increase with 
the number of C—H groups. This result is in keeping with the reaction 
sequence 


hy, X 
RR’/CHCH,I ——— RR’CHCH; + I 15. 
RR’CHCH; + RR’CHCHiI > RR’CHCH; + RR’CCHiI 16. 
RR’CCHiI + RR’C=CH; + I 17. 


where the radical emerging from reaction 15 is “hot.’’ This scheme also ac- 
counts for the equivalent amounts of alkane and alkene which are formed 
and can readily be extended to include attack on the solvent by “hot”’ 
radicals. The authors consider that radiative neutron capture gives effec- 
tively one atom-radical pair. Retention of halogen reactivity by the parent 
halide then depends on whether recombination occurs within the cage or 
after diffusion from the cage. In the latter case addition of solutes reactive 
either to the halogen atom or the alkyl radical will decrease the retention, 
and this effect is observed when inactive halogens or halo-olefines are the 
solutes. 
The known reactivity of methyl radicals with iodine 


can be used to detect minute amounts of them if the I, is radioactive. If is 
found that when dilute solutions (~10-?M) of methyl iodide or acetic acid in 
various hydrocarbons containing 10-4MI,"*" are subjected to y-irradiation, 
CH;I'* is produced. The only consistent explanation of these and related 
phenomena is that the solute captures an electron ejected from the hydro- 
carbon lying in the tracks of the secondary electrons, and that the capture is 
dissociative 


CH,I + e — CH; + I- 19. 


The concentration dependence of the methyl iodide yield suggests that the 
methyl halide is competing for electrons with solvent hydrocarbon cations. 

Polymerisation.—A large number of unsaturated compounds can be 
polymerised or copolymerised by ionising radiation, frequently under milder 
conditions than are otherwise necessary. Thus, vinyl chloride is polymerised 
in the vapour phase (75), styrene and ethylene oxide can be polymerised in 
an electric discharge (76), ethylene can be polymerised by Co™ y-rays at 
room temperature under pressures of from 250 to 1600 Ibs. per sq. in. or 
copolymerised with sulphur dioxide to form the polysulphone (77), perfluoro 
compounds including C3F¢, (CF2:CF)2, CF2:CF.CN and (CF3)2C:CF, form 
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the addition polymers (78) ,and even pure benzene gives small amounts of a 
soluble, low molecular weight yellow polymer when irradiated with 1.5 Mev 
electrons (79). Acrylamide can be polymerised either in aqueous solution (80, 
82) or in the solid state (81). The kinetics of the former reaction are very 
simple (82); the rate is proportional to the monomer concentration and the 
square root of the dose rate, unless certain chain terminating agents are 
added. No chain transfer occurs even with hydrogen peroxide, and there is 
good evidence that all the available radicals are utilized in initiation. The 
solid state polymerisation displays unusual kinetics which are consistent with 
the hypothesis that the initiating radicals may be derived from either mono- 
mer or polymer molecules, that polymer chains undergo mutual termination, 
and that each member of a terminating pair may be derived from the same 
or from different tracks. An interesting feature of the reaction is that the 
crystallinity of the solid as judged by x-ray reflection intensities decreases 
steadily throughout the reaction, although the external appearance remains 
crystalline; a clear case of pseudomorphism. N-vinyl pyrrolidone in aqueous 
solution can be polymerised by y-rays even when the system is frozen (78). 

Liquid phase radiation-initiated polymerisations generally have kinetic 
features very similar to the same reaction initiated by light or thermal 
catalysts. Thus the Trommsdorff effect has been observed in the y-ray bulk 
polymerisation of styrene and methyl methacrylate (83), and the y-ray 
emulsion polymerisation of styrene is faster than the bulk polymerisation. 
The kinetics of the bulk polymerisation of styrene are still not entirely 
settled. Chapiro & Wahl (84) have extended the previous work of the French 
school and find that from 0.29 to 410 r per min. the rate is proportional to 
1°48 and the degree of polymerisation of I~*“, Ballantine (85) consider 
that the intensity exponent of 0.5 for the rate may extend to 1150 r per min. 
However the earlier results of Manowitz (86) which, taken with Chapiro’s 
data, suggest that the exponent falls below 0.5 at high dose rates, when taken 
by themselves suggest a first power dependence on intensity. The former 
conclusion is more in accord with theoretical expectations, since at very high 
intensities not all the primary radicals may be utilised in initiation, in which 
case the intensity exponent would be expected to be less than 0.5 (87). 

One substance which has a very large negative free energy of polymerisa- 
tion to form polymethylene (88) but which has so far resisted polymerisation 
by catalysts or ionising radiation is cyclopropane (89). 

Breakdown of polymers and large molecules—Macromolecular solids have 
long been known to undergo changes of physical properties during irradia- 
tion. As an example of this may be cited the conductivity induced in poly- 
thene (90), polystyrene (91), and polytetrafluoroethylene (92) by x-irradia- 
tion. It would be expected that the radiation would result in radical forma- 
tion, which has been confirmed by paramagnetic resonance measurements 
(40), and that in solids these radicals would persist, their persistence being 
manifested in post-irradiation decay phenomena, which have also been ob- 
served. In solids which are permeable to or which dissolve oxygen it is likely 
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that irradiation in an oxygen atmosphere would result in oxidation, prob- 
ably with peroxide formation. Fats irradiated with x-rays or electrons do be- 
have in a manner explicable in these terms (93). The detailed chemistry of 
the changes undergone by assemblies of long chain molecules is however still 
very imperfectly understood. The questions which arise are these: (a) What 
bonds are broken in the primary act; is the main chain severed or are side 
groups detached? (b) Are the radicals so formed mobile, and, if so, is this 
migration by mass transfer (i.e. diffusion), by energy transfer, or by bond 
rearrangement, and what is the influence on this mobility of additives, which 
are either mixed or chemically incorporated with the polymer molecules? 
(c) Can the radicals undergo mutual destruction and step-wise degradation? 
(d) Can a radical in one chain react with neighbouring chains, and, if so, 
what type of reaction occurs and does it lead to cross-linking? and finally 
(e) If any of these processes do occur, what are the factors which influence 
them? Fortunately the techniques of polymer chemistry are now sufficiently 
developed to enable fairly clear answers to be given to some of these ques- 
tions. Thus elastic properties, solubility, softening point, and viscosity of 
the soluble fraction can inform about cross-linking; x-ray reflections about 
crystallinity; spectra about characteristic groupings; mass-spectrometric 
analysis of volatile products about the bonds broken; and so on. While all 
the data cannot be discussed here, a selection of the salient findings is given 
below; the literature for 1954 is given by subjects in the references (94 to 
107). 

The melting point of solid paraffins subjected to pile radiation at first 
falls and then rises suddenly, the system becoming infusible and insoluble 
in common organic solvents at a dose which is approximately inversely pro- 
portional to the length of the paraffin chain (97). These facts are taken to 
mean that cross-linking of the hydrocarbon chains occurs and that the energy 
required to form one cross-link, later shown to be ~24 ev, is independent of 
chain length. Hydrogen gas is evolved and the hydrogen : carbon ratio 
decreases during irradiation. Since for each cross link formed one molecule of 
hydrogen should be liberated, whereas for each severing of a main chain one 
molecule of hydrogen should be absorbed, the ratio of cross-linking to main 
chain scission can be calculated, provided the amount of unsaturation which 
develops can also be measured. For polythene, which Charlesby considers 
to behave like a pure hydrocarbon, measurements of the sol fraction indicate 
that this ratio is about 3. The data on ethane, propane, and butane obtained 
by Honig & Sheppard (113) and Lind & Bardwell (114) for a- and d-bombard- 
ment suggest that similar processes are occurring in these cases. Cross-link- 
ing also occurs in the olefines and acetylenes (98) but to a lesser extent the 
further the double bond lies from the end of the molecule. Loss of unsatura- 
tion has also been observed when an electric discharge is passed through n- 
hexadecene-1 (99). 

There is little doubt that cross linking is the major factor responsible 
for the considerable changes in physical properties of polythene, but some 
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of the earlier views (115a) concerning the mechanism have been shown to 
need revision. Thus Lawton et al. (103) have shown that as much as 15 per 
cent of the gas evolved on electron bombardment consists of C2, C3, and Cy, 
saturated and unsaturated, hydrocarbons, and that the efficiency of the 
cross-linking depends on the average molecular weight of the sample (102). 
Furthermore Dole (105, 106) has found by bromine absorption measure- 
ments that from 70 to 80 per cent of the hydrogen evolution is associated 
with the development of unsaturation and only 20 to 30 per cent with cross 
linking. Infrared spectroscopic measurements show that the unsaturation 
which develops is that of the trans-vinylene group 


R H 
a 
C= j 
H R’ 


but that unsaturation present before irradiation, attributable to vinylidene 
groups 


R 


‘ 
C=CH2, 


R’ 


disappears. For each vinylidene group disappearing only about 3.6 mole- 
cules of hydrogen are produced, and these facts have led Dole to suggest 
that in the primary act free radicals are produced at random along a polymer 
chain, but that these radicals are capable of migration (presumably by dis- 
placement of H atoms in the opposite direction) along the chain until a 
vinylidene group is reached. The radical will then be localised by transform- 
ing the vinylidene group into a resonance stabilised allylic radical which 
slowly reacts to produce a cross-link, possibly involving the formation of a 
trans vinylene group. Such migration of reactivity may also be the explana- 
tion of Alexander & Charlesby’s claim (96) that an aromatic ring incorpo- 
rated in dodecane exerts its maximum protection against cross linking the 
closer it is to the centre of the chain, and, therefore, the shorter the average 
distance over which this migration has to occur. However these authors pre- 
fer to regard the migration as one of energy transfer. 

The behaviour under pile radiation of cellulose (111), rubber (112), 
siloxanes (109), polystyrene (94), polyvinyl acetate (94), polyvinyl alcohol 
(94), gutta-percha (94), neoprene (94), nylon (94), and polyethylene tere- 
phthalate (115b) have been interpreted by Charlesby as evidence for cross- 
linking, but more detailed investigation by Todd (107) shows that for poly- 
ethylene terephthalate the cross-linking is inappreciable and the main effect 
is one of degradation, possibly accompanied by branching. Little (108) has 
confirmed Todd’s findings and has also shown that the main effect in nylon 
is one of methyl substitution rather than cross-linking. Miller, Lawton & 
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Balwit (95) have drawn attention to the broad classification that cross-link- 
ing occurs only if the polymer contains at least one a-hydrogen atom; exam- 
ples are polymethylene, polyethylene, and (:CH:—CH(X):), where X =R, 
COOH, COOMe, CONH2, COMe, OR; and degradation predominates in 
polymers containing the base mole (CH.—C(Me) Y-). Y= Me, CeHs, COOH, 
COOMe, CONH.. For those polymers in the second group, the degradation 
is often accompanied by decomposition of the side chain (110). 


IcE, WATER, AND AQUEOUS SOLUTIONS 


Most of the characteristics of the radiation chemistry of predominantly 
or wholly aqueous systems can be accounted for by a primary act which may 
be written 

H:0 asianiataiaae aH - BOH > yHe a 6H.0, 20. 


and in the past the aim of experimental investigations has been to determine 
the values of the coefficients a, 8, y and 6 for different qualities and dose rates 
of radiation, for different solutes and solute concentrations and other experi- 
mental variables; to discover whether these species are the only ones formed 
and in particular whether H and OH are actually formed or are merely a 
convenient way of representing the chemical behaviour of other entities 
such as H,O-, HOt and H,0*; and finally to adduce evidence concerning 
the spatial distribution of the primary products. The present position has 
been admirably summarised by Allen (116) and by Dewhurst, Samuel & 
Magee (117). Any acceptable theory of the primary act must not only ac- 
count for the firm conclusions reached by the experimentalists but also pro- 
vide an intrinsically satisfactory mechanism of the formation of the primary 
products. During 1954 some considerable advances have been reported and 
are discussed below. 

Magnetic and isotopic studies—The paramagnetic resonance spectra of 
ice and deuterated ice irradiated with total doses of the order 105 to 10r have 
been measured at 4° and 77°K. by Smaller, Matheson & Yasaitis (118). At 
77°K. ice gives a doublet and deuterated ice a triplet structure, suggesting 
the presence of hydrogen (¢=}) and deuterium (i=1) atoms respectively. 
However, the separation of the doublet (=85 Mc/s) is much less than the 
theoretical value (=1420 Mc/s) for a free atom, a discrepancy which is not 
easily explained. In ice containing hydrogen peroxide at 77°K., the doublet 
attributable to hydrogen is weakened, but a new one appears of lower separa- 
tion which is probably attributable to the OH radical; a result which suggests 
that the reaction 

H + H,0. — H:O0 + OH 21. 


can occur at these temperatures. The hyperfine structure of atomic hydrogen 
has also been observed in the spectrum of pure phosphoric acid, and ap- 
proximately 5 M H2SO, and HC1Q,, at 77°K. to which a dose of the order of 
10’r of y-rays had been given (119). 

Grossweiner & Matheson (120) have extended their previous work (121) 
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on the luminescence of ice excited by 50 kev x-rays and tritium B-rays. Ina 
most elegant investigation they measured the fluorescence spectrum, the 
kinetics of its “build up” to the steady state, the dependence of the steady 
state intensity on the dose rate, and the effects of temperature and small 
amounts of salts. In addition the x-ray-induced thermoluminescence, which 
is suppressed by H2O2, NaCl, and HCI, was studied. The authors regard the 
luminescence as resulting from release of the electrons from their traps fol- 
lowed by migration to and radiative capture by other impurity centres. The 
release is thought to be attributable either to thermal activation of a single 
site or to reaction between adjacent species; for the latter the reaction 


OH + H-— H,0 + & 
is suggested. 

Whilst the evidence for free hydroxyl radicals is regarded as secure, the 
evidence presented by Dainton & Collinson (122) has been effectively ques- 
tioned by Fiquet & Bernas (123), who have shown that the infrared 
absorption band at 2,200 cm.~, assigned by Collinson & Dainton to C—D 
vibrations is shown by polyacrylonitrile and polymethacrylonitrile prepared 
in deuterium-free systems, and even by the product obtained by anionic 
polymerisation of acrylonitrile and propionitrile. No definite assignment for 
this band can be given. However Collinson (124) has found, by mass- 
spectrometric and ionisation methods respectively, that polyacrylonitrile 
prepared by irradiation of dilute solutions in deuterium oxide or tritiated 
water do contain chemically-bound deuterium and tritium. Thus, whilst it is 
likely that atoms are formed in the primary act and do inititate polymerisa- 
tion, the infrared evidence is unreliable. 

Kelly, Rigg & Weiss (125) have shown that, when de-aerated acidified 
ferrous sulphate solution enriched in deuterium oxide is irradiated, the iso- 
topic composition of the evolved hydrogen cannot be accounted for merely 
by supposing that hydrogen-water exchange is catalysed by hydrogen atoms. 
In oxygen-saturated solution, or solutions containing ceric ion, where the 
hydrogen atoms are likely to be oxidised, the separation factor decreases but 
does not become unity, and the authors consider that the separation arises 
from the interaction of excited water molecules, in a reaction which is 
normally responsible for the molecular yield. 

Reaction studies —A feature of 1954 has been the increased attention 
paid to heavy particle radiations and to studies of the relative magnitudes 
of the “molecular” yields of hydrogen and hydrogen peroxide and their 
dependence (if any) on the experimental variables. Considerable differences 
exist between the methods of presentation of results. Allen (116) and many 
other workers assume that H, OH, Hz and HO: are the only products, 
thereby interrelating the coefficients in equation 20. He postulates three equa- 
tions designated F, R, and E 

2H,0 — H; + H2O2 (F) Gu, = F; +X F+E 22. 


( 
HO-—-H+0OH (R) whence { Gu = R+ Gon = R 23. 
2H,0 — 2H + H:0, (E) Guo =2F+£E)+R 24. 
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but Hart prefers the formulation 1, 2, and 3. 


H,0 — H + OH (1) Gu, = $G2; Guo, = $(G2 + Gs) 23. 
HO — 4H, + $H,0;, (2) whence Gu = G, + G3; Gon = Gi a2. 
H,0 +H + 3H:0, (3) G_u.o = Gi + G:+ G; 24. 


To avoid confusion and to leave open the questions (a) whether H, OH, Ha, 
and H2O, are the only products and (b) whether yields are truly independent 
of the nature and concentration of the solute, we shall use the following sym- 
bols. G“y, and G“y,0, for the “molecular” yields of hydrogen and hydrogen per- 
oxide as determined in an experiment the conditions of which may be specified 
by additional fairly obvious parenthetical subscripts. Thus G™ x04 ,0,, re*®o.8) 
would be that part of the yield of H2O2 per 100 ev as measured in an oxygen 
saturated, 0.8 N H2SQ;, solution of ferrous ion using y-rays, not due to the 
reaction of HO: radicals. Whenever high energy light particle radiation is 
used, Grest+ (02, 0.8) will be taken as 15.5. Radical yields of H (G?g) and OH 
(G¥ox) will be similarly qualified by a subscript. This method of presenta- 
tion has the advantage of being dissociated from stoichiometric equations of 
the type of 22, 23, and 24 which suggest modes of origin for the primary prod- 
ucts. 

(a) Heavy particle radiation: Air-free aqueous solutions of acetic acid 
bombarded with 35 Mev helium ions give rise to hydrogen peroxide and 
succinic acid, the concentration of each of the products approaching a limit- 
ing value (126). Analysis of the gaseous products formed when sealed am- 
poules containing aqueous solutions are placed in the Chatillon pile (127) 
has shown that the permanent gas is largely hydrogen and oxygen, the 
amount of the latter being greater than that from pure water except in the 
cases of ferrous sulphate, benzene, phenol, and benzoic acid as solutes. The 
composition of the condensable gases is dependent on the functional groups 
in the organic solute. Irradiation under bismuth or cadmium shields indi- 
cates that the water decomposition is mainly attributable to the neutron 
component of the pile radiation. 

Much work has been done with Po” a-rays, with good agreement be- 
tween different investigators (8, 9, 10). Values of Grets (05, 0.8,) of 5.94 +0.1(8), 
6.2+0.2(9), and 6 (10a) have been obtained and should be compared with 
5.2 and 4.2 for the internal sources based on the B'%(n, @)Li? and Li®(n, 
a)T* reactions respectively (9). The hydrogen yields are generally in excellent 
agreement being Gy, Fet?,02,0.8,Poa) =1.56(8), 1.57 (9); Gu, @vaPo,,Poa,03) 
= 1.8 (10 c); Gu.(Poa) for many dilute solutions =1.7 to 1.9 (10) and for pure 
water 1.8 (10d). The remarkably constant value of Gy, irrespective of 
whether oxidation, reduction, or polymerisation is occurring in the system 
supports the idea that the hydrogen is produced by a mechanism which does 
not involve hydrogen atoms as intermediates.! 


1 In two papers (8, 9) concerned with ferrous sulphate solution values of Gg® and 
Gu,o0, are either given or can be calculated and the agreement is good; thus Gu,o,¥ = 
1.74 and 1.74; Gq? =0.77 and 0.70. 
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G"y,0, generally decreases with solute concentration, e.g. at 2X10-4 M 
sodium phosphite G“y,0,=0.9 and it decreases to zero at 5X10 M, 
the oxidation yield of the solute showing a corresponding rise so that 
Gu,o, +Gro,~ is constant at ~1.1. Of particular significance is that fact that 
chloride ion inhibits the formation of H2O:, and that in 0.4 M HCl to which 
H2O, has been added, irradiation with Po*!°qa-rays leads to complete destruc- 
tion of the HO, (10b). It therefore seems possible that hydroxyl radicals 
are intermediates in the formation of molecular H2O:2, and that other solute 
—OH reactions can compete effectively. Anta & Haissinsky (10a) find that G 
for ceric reduction is 3.24 independent of the dose rate. Using the value 
Gy,o,~™1 they conclude that reduction of Ce(JV) by hydroxyl radicals must 
be taking place. However, if Hart & Miller’s values of Gy,o, are accepted it is 
not necessary to assume the occurrence of this reaction. 

(6) B-particles, x- and y-rays: The results reported in the period reviewed 


TABLE II 


RADICAL (Gu®, Gou®) AND MOLECULAR (Gu,”, Gu,o,“) YIELDS* IN AQUEOUS 
SYSTEMS IRRADIATED BY x- OR y-RAYS PUBLISHED IN 1954 


[Gret+3(0, 0.8) =15.5 throughout] 











Refer- 
Radiation — ence System Guo,” Gu™ Gu® Gon® 
Number 
Co 134 Ovs-sat KBr 0.76 0.41 2.8 2.1 
Co® 128 KI, KBr at own pH oe _ 
KNO,.(pH 11), NaAsO2(pH 10.4) : 
Co® 128 Same at 0.4 M H2SO, — 0.385 — — 
Co? 128 Same at 1.0 M H:SO, 0.37 
Co 129 Air-sat KBr soln. 0.4 M H2SO, 0.78 0.39 3.68 2.90 
Co Air-sat KBr soln 0.01 N H2SO« 0.75 0.42 2.76 2.11 
Cos? 130 Acid Ce(IV) sat with Hz or CO —_ — 2.52 2.52 
Co*? 8 0.4 M H2SOQ;, FeSO, — 0.425 — —_ 
Co? 8 KBr (own pH) — 051 — —_— 
Co® 131 Os: sat, HCOOH solution pH 0.32 0.86 0.265 3.59 2.40 
Co® 131 Os sat, HCOOH solution pH 2.10 0.81 0.35 3.47 2.56 
Co? 131 Og sat, HCOOH solution pH 2.70 0.52 0.42 3.02 2.83 
Co” 131 O2sat, HCOOH solution pH 6.81 0.48 0.41 2.98 2.84 
Cos 131 Ozsat, HCOOH solution pH 11.58 0.53 0.44 3.10 2.92 
Co* 132 O2 sat{HCOOH]=10-4 M@ — 0.32 — 2.58 
Co 132 Ov: sat{HCOOH]=10-? M@ — 0.43 — 2.82 
Co! 132 O2sat{HCOOH]=1 M — 043 — 3.44 
200 kev, p,x 28 FeSO,, 0.4 M H2SQ, 0.52 3.63 3.63 





* The values in this table are those given by the authors multiplied by the ap- 
propriate factor to reduce to a common value Gre+%o2, 0.8) = 15.5. 
} Assuming Gu=Gou; Gu,“ =Gu,0,™. 
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are presented in Table II. With one exception (28) the value of G"q,0, 
exceeds that of G“y, in the same system. In the formic acid-oxygen system, 
Hart (131) has demonstrated that as the pH is increased to 4, G“g,0, de- 
creases to zero whilst G“q, and G¥oq increase to values of 0.45 and 2.82 re- 
spectively. This pH effect is a most important result and points to the neces- 
sity of studies of the effect of changes of acidity in other systems. 

It is now certain that a number of solutes which do not themselves react 
with hydrogen peroxide can nevertheless influence the yield of this product 
in both air-free and air-saturated solutions. The case of bromide ion has 
been particularly well-investigated by Sworski (129), who found that in 
0.01 N H2SQ, solution, Gy,o, decreases from 1.16 when [KBr] =1p™. to 0.69 
when [KBr] =10 mM. Dainton & Sutton (133) reported a similar influence of 
ferrous sulphate on G“g,o, over the limited range of concentrations for which 
measurements of the H2Oz yields are possible in this system. It seems prob- 
able that the “‘molecular” hydrogen peroxide is formed via at least one 
hydroxyl radical as an intermediate and that solutes which react very rapidly 
with OH will materially reduce the apparent value of G“y,0,. Since Fett 
performs this function, other solutes which react with OH more rapidly 
than ferrous ion should be more effective. The special case of a solute which 
can react with both H and OH is particularly interesting, since at low con- 
centration in air-free water it should capture all the hydrogen atoms and 
hydroxyl radicals which are responsible for initiating the back reaction 
(written in equation 27) 


H + OH + «(Hz + H:O2) > (28 + 1)H.0 x>1 27. 


and thus enable hydrogen and hydrogen peroxide to accumulate; whereas 
at high concentrations it should begin to compete effectively with the H2O:- 
forming reaction, written formally as 


20H — H,0:, 28. 


and thus cause the yield of H2O2 to decrease. Hence the observed yield of 
H,O, in air-free water should increase from zero, pass through a maximum 
value, and finally decline as the concentration of the solute is increased. One 
such solute is acrylamide (82). 

This sensitivity of G“y,0, is in marked contrast to the behavior of 
Gy, which is independent of pH in the range of from 4 to 12 (131), of 
temperature (128), and of most solutes (128). The total hydrogen yield is 
naturally dependent on the solute; for example the initial yield of hydrogen 
is increased by iodide ion in acid solution. This is possibly caused by the 
oxidation of iodide ion by He", i.e. 


H+Ht++I—-H+I1 29. 


However as the reaction proceeds, iodine accumulates, reaction 30 can pro- 
ceed, and Gy, decreases to Gy”. 


H+I1,—-HI+I 30. 
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According to Hochanadel & Ghormley (134) the hydrogen yield in 
oxygen saturated water is raised from 0.20 to 0.41 by potassium bromide 
because the removal of hydroxyl radicals by bromide ion prevents the re- 
action 


OH + H:— H,0 + H 31. 


Combining this result with measurement of the peroxide yields and with 
Sworski’s data, radical and molecular yields can be calculated. 

Careful work on air-saturated acidified ferrous sulphate solution con- 
taining millimolar chloride reveals a temperature coefficient of 0.04+0.03 
per degree for the yield of ferric ion which Schwarz (135) considers to result 
from extraneous causes, although it should be noted that a coefficient of 
0.026 has been obtained by other investigators (133). Vermeil & Cottin (136) 
have found that in air-free acidified solutions of n-butanol, cyclohexane, or 
cyclohexanol (RH in equation 32) there is no oxidation of ferrous ion, but 
there is complete reduction of ferric ion, an effect which is caused by the 
occurrence of the reactions 


-OH + H—-R-—-H,O+R- 32. 
R- + Fe**OH- — ROH + Fe** 33. 


When benzene is present, there is an equilibrium with approximately equiv- 
alent amounts of ferrous and ferric ion present and it must be concluded, 
as had previously been demonstrated by Baxendale & Magee (137), that the 
phenyl radical can also oxidise ferrous ion 


CeHs- + Fet* + H+ — CoHe + Fe*** 34. 


The initial reduction yield in these systems is about 7, which exceeds all the 
values of Gon given in the table, and strongly suggests that the ferric ion is 
also being reduced by H atoms. It would be most interesting to measure the 
hydrogen yields in this system. 

Complete reduction of ferric ion is also obtained even in aerated solution 
when it is complexed with ortho-phenanthroline either in the mononuclear 
blue form (138) or the dinuclear buff-coloured form (139). Both reactions 
are complex, but the G values are high and it seems likely that H, OH, and 
HO, can all reduce the solute, that hydrogen peroxide may also do so some- 
what slowly, and that the ligand itself may be attacked. Reduction also 
seems to occur in deaerated solutions of methylene blue, co-enzyme I, 
nicotinamide methochloride, and cytochrome-C protected from OH attack 
by sodium benzoate or alcohol (140), and in the inactivation of bacteriophage 
(141). 

Barron (142) has surveyed the processes involved in solutions of bio- 
logically significant solutes where oxidation is generally the more important, 
and after-effects often exist. Further examples of these behaviour types have 
been reported (143). Such oxidations frequently have a valuable specific 
character; thus Phillips (144) has shown that sugar alcohols are oxidised by 
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1.5 Mev electrons to the aldo-sugar. Other oxidative reactions include the 
x-ray degradation of polymethacrylic acid (145), the inactivation of yeast 
alcohol dehydrogenase (146), and the liberation of acid from chloral hydrate 
and chloroform solutions (15). These last reactions are chain processes in- 
volving mutual termination, and sector experiments indicate lifetimes of the 
orders 0.1 and 1.0 sec. respectively. 

An elegant study of the y-ray and photochemically-induced exchange 
of oxygen between water vapour and oxygen (147) has revealed the existence 
of a chain reaction above pH 9 which requires for its interpretation the 
assumption that hydroxyl radicals undergo electrolytic dissociation to Ht 
and O~ with a K, of about 107°. 

The primary act.—The only purely theoretical paper published during 
1954 is by Laidler (148), who has discussed the potential energy diagrams 
for the ground and excited states of water and its molecular ions. He con- 
cludes that the H2O~ ion dissociates into 2H+O™ rather than into H+OH-, 
a result which is contrary to the findings of electron swarm experiments 
and the appearance of H™ at low electron energies in the mass-spectrometer. 

The physical measurements on ice and frozen aqueous solutions (118 to 
121) leave little doubt that hydroxyl radicals and hydrogen atoms are 
formed, and it is also probable that even in ice the hydrogen atoms have a 
degree of mobility which enables them to react with hydrogen peroxide. The 
presence of hydrogen and hydrogen peroxide in the products when solutes 
are present in air-free water which react with either H or OH is clear evidence 
that, as proposed by Allen many years ago the latter can initiate the reac- 
tion 27. The new data reported this year are consistent with equation 20, 
but there is still little certainty about its detailed mechanism. Weiss’ results 
(125) suggest (but do not prove) that the bimolecular interaction of excited 
molecules may result in direct formation of Hz and H2O:, but it seems clear 
that G“q,0, is generally greater than G“y, and very much more sensitive to 
the presence of solutes, being decreased by solutes which are known to be 
reactive to OH. The inequality, G“y,0, >G™n,, is explicable on the radical 
diffusion theory of Samuel & Magee (63) concerning the spatial distribution 
of the primary act equally well as on the older theory, provided it is assumed 
that the diffusion of hydrogen atoms is more rapid than that of OH radicals; 
but if this assumption is made it is difficult to account for the solute depend- 
ence of G“y,0, when Gg, is so remarkably constant. The larger molecular 
yield obtained with heavy particle rays and their similar solute dependence 
are arguments in favour of the precursors of the molecular hydrogen peroxide 
being very reactive and simulating the behaviour of hydroxyl radicals to 
a degree which lends support to the view that they are hydroxyl radicals. In 
this case the observations of Hart that G“q,0, decreases rapidly with in- 
creased pH may perhaps be interpreted in terms of his proposal that the 
hydroxyl radical dissociates. One might envisage the reactions 20~ +O. and 
O-+OH-—HO- as much less likely than 2OH—H,O: and have a negligible 
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G"y,0, in alkaline solution containing a reactive substrate for hydroxyl 
radicals. 

On the exclusively theoretical side many interesting points have been 
made by Platzmann (3) of which only the major one can be mentioned here. 
Since the gaseous reaction 


e+ H,O—H + OH- 35. 


is slightly endothermic, the corresponding reaction in solution can only occur 
provided that some of the hydration energy of OH™ is made available. The 
necessary dipole relaxation takes time and a thermalised electron is therefore 
free to diffuse for periods of the order of 10~" seconds. Thus the hydrogen 
atoms may be produced at sites even more remote from the hydroxyl radicals 
than Lea (2) supposed. If this is correct it is easier to see why G“y,0, > G"n, 
but it is also more difficult to account for solute influences. 
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MASS SPECTRA AND THE CHEMICAL SPECIES 
PRODUCED BY THE IMPACT OF LOW 
ENERGY ELECTRONS!” 


By Morris Krauss, Austin L. WAHRHAFTIG, AND HENRY EYRING 
Department of Chemistry, University of Utah, Salt Lake City, Utah 


The nature of the processes important in radiation chemistry have been 
discussed in several recent review articles. The excellent review by Magee 
(1) in Volume 3 of this series, concerned primarily with the mechanisms and 
principles of radiation chemistry, lists 13 references to recent reviews and 
symposia on radiation chemistry or closely allied fields. The conference 
sponsored by the National Research Council, Committee on Nuclear Science, 
Subcommittee on Radiobiology, at Highland Park (May, 1953) was con- 
cerned with the basic mechanisms in radiobiology. The proceedings of this 
informal conference (2) present an excellent picture of the present problems 
in the field. 

It is generally agreed that the major chemical effects of high-energy 
ionizing radiation are produced by the low-energy secondary electrons. 
Hence, a complete discussion of ‘Chemical Species Produced by the Impact 
of Low Energy Electrons” would be another review of radiation chemistry. 
This article is rather arbitrarily limited to a review and discussion of certain 
topics in mass spectra with special emphasis on matters of interest in radia- 
tion chemistry. 

In the mass spectrometer, one observes the ions produced by the impact 
of single electrons of known energy upon isolated molecules. The pressure is 
sufficiently low so that, except in rare cases, no intermolecular reactions 
occur. The primary process and the subsequent reactions under these simple 
conditions are discussed first; the effects of intermolecular collisions are then 
briefly reviewed. 

A number of books and reports of symposia on mass spectrometry have 
appeared in the last several years. The 1951 Faraday Society Discussion on 
Hydrocarbons (3) contains several articles on the ionization and dissociation 
of molecules by electron impact. The NBS Symposium on Mass Spectros- 
copy (4) was primarily concerned with problems in precision mass spec- 
troscopy (mass measurement) and with instrumentation. Ewald & Hinten- 
berger (5) are also concerned primarily with instrumentation, mostly for 
precision mass spectrography. Modern Mass Spectrometry by Barnard (6) is 
an excellent general text on mass spectrometry with many references. Half 
of the book is devoted to instrumentation, the remainder to applications 


1 The survey of literature pertaining to this review was completed in December, 
1954. 

2 The preparation of this review was assisted by the U. S. Atomic Energy Com- 
mission. 
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with emphasis on experimental techniques. In the short monograph on Mass 
Spectrometry by Robertson (7), there is more discussion of the theory of the 
ionization process, and also an interesting chapter on the study of free 
radicals. Two conferences were held by the Mass Spectrometry panel of 
The Institute of Petroleum (London), in 1950 and 1953. The conference 
reports (8, 9) include excellent, very complete bibliographies. The basic 
references for the quantum mechanical discussion of the electron impact 
process are the treatises by Mott & Massey (10) and by Massey & Burhop 
(11). As is usually the case, the reasonably exact calculations on very simple 
systems only give an indication as to the nature of the situation in the much 
more complex systems discussed in this review. There is a monograph on 
Negative Ions by Massey (12). 

Lastly, there is the truly overwhelming collection of mass spectral data 
assembled by the American Petroleum Institute (13), in which is tabulated 
the mass spectra of approximately 900 compounds, mostly hydrocarbons but 
including some amines, alcohols, and many other types of compounds. 


IONIZATION PROBABILITY CURVES 


The primary processes described by Magee (1) which result in the 
formation of ions can be thoroughly studied in the mass spectrometer. The 
information most often desired is the efficiency of ion production or the 
ionization probability curve, the dependence of ion current upon bombarding 
electron voltage. The minimum electron voltage at which an ion appears, the 
appearance potential, is of fundamental importance in the determination of 
bond energies, ionization potentials, and other quantities. No standard 
procedure of measurement has yet been developed. The major difficulty in 
the determination of appearance potentials is the interpretation of the curva- 
ture at the threshold of ionization-probability curves attributable to the 
thermal energy spread of the bombarding electrons. Various empirical 
methods have been devised to overcome this difficulty; the important ones 
are (a) initial break (14), (b) linear extrapolation (15), (c) extrapolated 
difference (16), and (d) critical slope (17). A number of comparative discus- 
sions and experiments (18 to 23) appear in the literature, but it is felt that 
no definitive statement can be made merely by an inter-comparison of these 
conventional methods. 

The retarding potential difference method of Fox et al. (24, 25), in which 
the ions measured are formed by nearly monoenergetic electrons of known 
energy, has alleviated this difficulty. The reduction of the effects of the 
electron energy spread allows a detailed study of the structure of ionization 
probability curves. Ionization probability curves in the rare gases are found 
to be linear in excess electron energy near the threshold. The doublet sepa- 
rations of Kr* and Xe* are determined in good agreement with spectro- 
scopic values when it is assumed that the curve resulting from two or more 
ionization processes is a linear superposition of the linear ionization proba- 
bilities for the processes (26). Deviations from linearity in the curves are 
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ascribed to auto-ionization® (27) from excited states of the atom which lie 
above the ionization limit. 

Wigner, in a study of two-body reactions, has shown that analysis of the 
long range interaction of the resultant particles is sufficient to derive the 
energy dependence of the cross section at the threshold (28). Wannier has 
extended this work to ionization by electron impact and has derived a 
threshold law which varies as the 1.127th power of the excess electron 
energy (29). An application of the Born & Oppenheimer approximation by 
Bates et al. (30) gives a linear threshold law. The ionization probability 
curve for Het over an 8 ev energy range is linear (31). Over a small energy 
region near threshold the scatter of experimental points precludes any defi- 
nite conclusion. 

Wannier, in a private communication to Hickam ef al. (31), reports that 
in the case of double ionization the threshold law varies approximately as 
the square of the excess electron energy. However, they found that the 
doubly-ionized rare gases, Ne**+, A**+, Kr**, and Xe** exhibit linear ioniza- 
tion probability curves. The considerable curvature found by earlier investi- 
gators near the ionization threshold indicates the inability to resolve struc- 
tural details attributable to the electron energy spread (32, 33, 34). Clarke 
has obtained an ionization probability curve for Xe** which apparently 
confirms Wannier’s prediction (35). The electron spread employed in this 
work was considerably larger than Hickam’s and may account for the con- 
tradictory results. It is not felt that excitation to excited vibrational levels 
as proposed by Clarke (35) would account for the curvature found for NO 
as the overlap of the vibrational eigenfunctions should decrease rapidly for 
the higher excited vibrational states of the ion. 

Very pronounced deviations from linearity were observed in the ioniza- 
tion probability curves for Zn, Cd, and Hg (36). Earlier interpretations of 
the structure of the Hg curve by Lawrence (37) and Nottingham (38) were 
rejected by Hickam as inapplicable to Zn and Cd. He postulates auto- 
ionization from optically-forbidden states which, unlike optically-allowed 
transitions, are excited by electron impact with a maximum in the proba- 
bility close to threshold (11). 

The interpretation of these curves and the more complicated ones which 
arise from polyatomic molecules require some a priori knowledge of the varia- 
tion of the cross section with excess electron energy. The work, thus far, 
has not been conclusive although the evidence for the linear law presented 
by Fox et al. is impressive. The predictions of Bates et al. and Wannier dis- 
agree very widely for the threshold dependence for the further ionization of 
singly-charged ions, and an experimental investigation may help resolve this 
very important question. In addition, there may be a lower limit on the reso- 


3 Auto-ionization is the formation of an ion by excitation of an atom or molecule 
to an excited electronic state lying above its lowest ionization potential with sub- 
sequent radiationless transition to the ion with the ejected electron carrying off the 
excess of energy. 
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solution of the breaks in ionization probability curves. Wigner shows 
theoretically that a cusp exists in the probability for a process already in 
progress at the threshold of a new process (28). Such an interdependence 
may exist in the three-body ionization problem. 

Morrison has shown that a linear dependence of the probability of 
ionization on excess electron energy results in the second derivative of the 
ionization efficiency curve having the shape of a reversed Boltzmann curve 
(39). An experimental study of various molecules (40) employing automatic 
recording devices (41) for the first and second derivatives produced quali- 
tative agreement. 

Morrison qualitatively discusses the many factors producing fine struc- 
ture. He postulates competition between electronic processes contrary to 
Fox et al. and discusses the effects on the curves. No clear-cut decision is 
evident on the basis of the curves presented by Morrison, as it is difficult to 
decide what fraction of the structure in his second derivative curves is real. 
The curves obtained by the more direct technique of Fox et al. are relatively 
free of instrumental complications. 

Fox et al. have not yet applied their method to the determination of 
breaks in ionization efficiency curves of the fragment ions. Many investi- 
gators have observed breaks occurring in the ionization efficiency curves of 
fragment ions utilizing the more conventional apparatus and methods for the 
determination of the appearance potentials (42, 43, 44). Clarke (35) has 
identified two breaks in the Nt curve obtained from electron impact of Ne 
which correspond very closely with the spectroscopic values for the energy 
separation of the 4S, from the 7D, and ?P, levels of N. A value of 9.8 ev is 
then deduced for the dissociation energy of No. 

The ionization probability curves for CO, Nx, CsHs, and CsHe have also 
been reported and interpreted using the assumptions of Fox et al. (45). 
Reasonable agreement is obtained with the spectroscopic data available. 
The results for the polyatomic molecules indicate that the presence of low- 
lying states strongly influences appearance potentials obtained by the criti- 
cal slope or linear extrapolation methods. The discrepancy between the 
electron impact and spectroscopic ionization potentials for benzene observed 
in earlier studies has been shown not to be real (45, 46). The energy levels 
resulting from simple ionization in the paraffins are spaced approximately 
0.5 ev apart near the ground state and should be resolvable (47, 48). Honig’s 
(17) indirect deduction that a square-law dependence on the excess energy 
holds for a large number of hydrocarbons may be explained by the above 
results. 

McDowell & Cox (49) have determined that the ionization potentials of 
CH;F and C.H;F are very close to those of CH, and C2Hg, respectively. 
This supports Mulliken’s (50) view that the nonbonding fluorine orbitals do 
not interact appreciably with the C—H and C—C orbitals. 

The possibility of obtaining accurate values of the inner ionization 
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potentials will offer a firmer basis to the Lennard-Jones & Hall semi-empirical 
theory of these ionization potentials (47). Hall has pointed out these are 
needed to resolve certain ambiguities which arise when second neighbor 
interactions are included (51). A group orbital modification has been de- 
veloped and applied by Hall (52, 53) and by Franklin (54) to the prediction 
of a large number of ionization potentials. In a study of the ionization 
potentials of substituted acetylenes serious disagreement was found with 
the spectroscopic value for the ionization potential of propyne (55). In- 
ternally consistent results were found for the group orbital calculations of 
the ionization potentials of the substituted acetylenes if the electron impact 
value was used. A more recent measurement (56) of the ionization potentials 
of propyne and 2-butyne is in agreement with the results obtained by Franklin 
& Field. The charge distribution for states of the parent ion reached by 
vertical ionizations is certainly related to the molecular cracking pattern 
(57), although for the patterns produced by high-energy electrons, of, say, 
50 to 75 ev, a statistical model seems to be more applicable. The ionization 
of molecules by charge exchange from collision with atomic ions provides a 
means of introducing a definite amount of energy corresponding to the re- 
combination energy of the atomic ions. Lindholm has studied the mass 
spectra of HS (58), CO2, H2O, and NH; (59) which result from collision 
with a number of different atomic ions. The resulting spectra are analyzed 
in terms of the electronic structure of the molecules and the cross-section for 
charge exchange. Charge exchange collisions involving low energy ions of 
Nz and Oz have been studied by Potter and the results discussed in terms of 
the electronic states of the molecules and ions (60). 


KINETIC ENERGY OF FRAGMENT IONS 


Hagstrum (61) has considered the various processes resulting from 
electron impact and discusses the efficiency of dissociation processes as a 
function of electron energy and kinetic energy of the fragments. This infor- 
mation is necessary for the complete specification of an ionization process. 
In a review, he lists (62) the various investigations of the kinetic energy of 
product ions done prior to 1951 and reports on his studies of the kinetic 
energies of all ions observed from the dissociative ionization processes in 
CO, Ne, NO, and O». The range of kinetic energies observed in the fragment 
ions is satisfactorily explained by Franck-Condon transitions from the ground 
state of the molecule to various attractive and repulsive states of the ion. 

McDowell & Warren (42) observed that the half-width of the ion beam 
at the collector slit is increased for ions with initial kinetic energy. The ions 
in the mass spectrum of methane and the CH,*, CH*, and C* ions from 
CH;CN are formed without appreciable kinetic energy. 

Hipple (63) has found that all the lower-mass (m/e <16) ions in n-butane 
have appreciable kinetic energy as was indicated by the appearance potential 
studies of Stevenson & Hipple (64). Direct quantitative information on the 
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kinetic energies of ions found in the mass spectra of polyatomic molecules, 
however, is very scanty. The papers by Kandel (65, 66) are discussed in this 
review in the section on bond dissociation energies. 

Satellite peaks in the mass spectrum of benzene were found to possess 
high kinetic energy and high appearance potentials (67) and were described 
as resulting from the dissociation of doubly charged ions into two singly- 
charged fragments. Mohler e¢ al. have quantitatively studied the kinetic 
energies of the satellite peaks in 13 hydrocarbons and CH;CF; and find that 
the energies range from 1.5 to 3.4 ev (68). 


NEGATIVE IONS 


A discussion of many appearance potential and abundance studies of 
negative ions has been presented by Marriott & Craggs (69). The experi- 
mental difficulties are reviewed with special reference to measurements at 
low electron energies (0 to 2 ev). Pritchard has reviewed the determination 
of electron affinities by electron impact measurements (70). He notes that 
negative ion abundances usually average only a hundredth of that of positive 
ions. The precise determinations of the appearance potentials of such low- 
intensity peaks is difficult. The abundances of negative ions from halogen 
containing compounds are much higher. Ahearn & Hannay show that the 
magnitudes of the negative ion peaks from SF, are considerably larger than 
a typical peak such as O~ from CO (71). They also observed secondary 
resonance captures of slow electrons produced by primary ionization proc- 
esses, with ion currents beyond 2 ev for SFs~ and SF;~ varying linearly 
with the square of the pressure. Craggs, McDowell & Warren observed that 
the halomethanes form negative ions by both resonance capture and an ion 
pair process, while negative ions from molecules like cyanogen and methyl 
cyanide are formed largely by resonance capture (72). Thorburn (73) has 
re-determined the appearance potentials of Ot and O7 in view of the dis- 
crepancy of previously reported values (62, 74). The results disagree with 
the values determined by Hagstrum, and dissociative processes are suggested 
leading to O--ion in the ground state. Studies of the electron detachment 
cross-section of O--ions formed by thermal and electron bombardment 
sources support this interpretation of the dissociative processes (75). 

Relatively large C.H~ and H™~ peaks have been detected in acetylene, 
methane, and ethane (76). The C-, CH-, and CH; ions are detected in low 
intensity in methane and ethane, but no indication of CH; is found in 
agreement with the results of Smith (14). The electron affinities of Se and S 
were deduced from the appearance potentials of Se~ and S~ from H.Se and 
H.S (77). Appearance potential measurements for resonance capture in 
HBr and HCI and for dissociative capture to give Cl” and Br~ have been 
reported (78). The ions O- and SO~ have been detected in the mass spectra 
of SO: and the electron affinity of SO determined from the difference in the 
appearance potentials of O- and SO™ (79). 
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DETECTION OF RADICALS 


The detection of free radicals by mass spectrometry was first achieved 
by Eltenton (80, 81). Robertson has pointed out the suitability of low-energy 
electrons for the detection of free radicals and calculates that the minimum 
detectable ratio of radicals to stable molecules is from 1 in 10‘ to 1 in 10° 
(82, 83). Short-lived intermediates in flames have been observed (81, 84). 
Robertson (85) and Foner & Hudson (86) have studied the production of 
HO, from atomic hydrogen and molecular oxygen. The work done at the 
National Research Council laboratories in Ottawa on free radicals is reviewed 
by Lossing, Ingold & Henderson (87). Reaction of radicals on the walls of 
the ionization chamber has been detected (88), and LeGoff et al. have dis- 
cussed the possible inability to detect reactive radicals (89). The use of 
molecular beam methods has been suggested by Dunning (90) to eliminate 
such surface effects. 

Hipple & Stevenson have measured the ionization potentials of CH; and 
CoH; radicals (91) and that of CH2 was determined by Langer & Hipple 
(92). More recent work on the CH; and CHe radicals which included the 
determination of the appearance potentials of the fragment ions is presented 
later in Table I. The ionization potentials of the methyl, allyl, and benzyl 
radical have been measured by Lossing, Ingold & Henderson (93). The ob- 
served ionization potential of the allyl radical is .9 ev lower than the value 
predicted by Evans & Szwarc (94). McDowell has noted that the observed 
value may be in error (95). The ionization potential of the benzyl radical is 
also in doubt (96). 


ADIABATIC CORRELATION 


A correlation must exist between the electronic states of the parent 
molecule, molecule-ion, and the fragment ions and radicals. In molecules of 
high symmetry, such correlations impose restrictions upon the possible de- 
composition reactions, which may be derived by considerations involving 
the symmetry of the activated complex. McDowell has applied adiabatic 
correlation rules to the interpretation of the mass spectra of a number of 
molecules including ammonia, methane, and the methyl halides and cyanide 
(97, 98). A similar study was made by Laidler for H,O (99) employing the 
electron impact data of Mann, Hustrulid & Tate (100). Laidler deduced that 
the OH--ions are not produced by a primary reaction in the radiation 
chemistry of water vapor. These studies have applied the method of Shuler 
(101) in whose paper the earlier references may be found. A review by 
Laidler & Shuler on elementary reactions involving excited electronic states 
discusses the construction of potential energy surfaces employing semi- 
quantitative theoretical and experimental data (102). Such studies require 
improved experimental data (as from monoenergetic electron beam studies) 
and more theoretical information as to the nature and position of excited 
energy levels in order to reach definitive conclusions. They represent the 
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beginnings of an effort to correlate mass spectral data with other information 
on the electronic states of small polyatomic molecules as was done earlier 
by Hagstrum for several diatomic molecules (62). 

Some additional features of the methane mass spectrum will be discussed 
from this viewpoint as a greater literature exists on this molecule than on 
any other. The experimental data of various investigators (Table I) are 


TABLE I 


APPEARANCE POTENTIALS AND BREAKS IN IONIZATION EFFICIENCY CURVES 
FOR IONS FROM METHANE, METHYL, AND METHYLENE 



























































Potentials 
* t 
CH.t CH;* CH;* CHt oa 
CH, (14) a 13.2 +0.4 14.5 +0.4 15.8 +0.5 23.4 +0.6 | 26.8+0.8 
23.0 +0.8 
(163) b 13.0 +0.2 14.4 +0.3 20.0 +0.3 24.3 +0.5 —_ 
(104) a 13.04+0.02 | 14.57+0.05 _— —_— — 
(105) 13.3 +0.3 14.5 +0.3 16.5 +0.3 22.5 +0.5 | 21.541. 
21.5 +1.0 27.0 +1.0 | 29.541. 
(42) c 13.12+0.02 | 14.39+0.02 | 15.30+0.5 22.4 +0.1 | 26.2+0.2 
20.1 +0.1 26.2 +0.2 
(106) a 13.10+0.1 14.30+0.1 15.5 +0.2 23.4 +0.2 | 27.0+0.2 
(108) a 13.1 +0.2 14.3 +0.2 15.6 +0.2 23.0 +0.5 | 26.94+0.2 
CH; (106) a _— 9.85+0.1 15.30+0.1 16.2 +0.2 | 17.8+0.2 
(107) a _— 10.11+0.1 15.29+0.08 — oo 
(107) b —_ 10.04+0.12 | 15.41+0.15 | 15.58+0.3 — 
CH: (106) a _ _ 11.90+0.1 | 17.1 +0.2 | 18.0+0.2 











* References. Se LITERATURE CITED. 

t Method of determination of appearance potential 
a. Initial break 
b. Linear Extrapolation 
c. Extrapolated difference in voltage 


not in agreement on the appearance potentials of the less abundant ions. 
The agreement on the fine structure of the ionization efficiency curves is 
very poor. The heat of sublimation of graphite is deduced to be of the order 
of 130 kcal./mole from the electron impact studies (106) whereas more direct 
determinations yield a value of 170 kcal./mole (109, 110). 

The ?72(Tg) electronic state‘ of CH,* must be unstable with respect to 
some nontotally symmetric vibration in accordance with the Jahn & Teller 


4 The nomenclature is that of Mulliken as applied by McDowell. 
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theorem (111). Van Vleck has suggested that the CH,* ion ground state 
might have a structure of Vg symmetry (112). McDowell (98) points out the 
[pts] orbital will then split and give [re] and [zb2] orbitals. However, the 
resulting Z state is still degenerate and will be unstable with respect to at 
least one nonsymmetric vibration. Thus, there might be three adiabatic 
ionization potentials for methane arising from the [t2] orbital in addition 
to the one from the [sa,] orbital. 

Consistency relations lead Langer, Hipple & Stevenson (106) to assume 
that identical CHs* ions, 'A/ (Dg), are formed from CH, molecules and CH; 
radicals under electron bombardment. The value of D(CH;t—H) is then 
found to be 1.2 ev or about one-fourth that of D(CH;—H). A similar bond 
weakening was deduced from the unexpectedly large difference in the mass 
spectrometric ionization potentials of CH, and CD, (113). This suggests a 
significant difference between the vertical and adiabatic ionization po- 
tentials® of methane. 

Two effects will result from the lower symmetry of the CH,* ion. The 
resultant shift of the potential minima will, on vertical ionization, result in 
large excitation of the vibrational levels in the ions, CHg* and CDg*, which, 
in view of the large vibrational quanta in these molecules, might explain 
the large differences in the appearance potential. There will also occur a 
weakening of some bond or bonds as a result of the electronic reorganization. 

Langer et al. conclude that at the first appearance potential of CH* in 
CH, 

CH, + e— CH* + 3H + 2e 


with the CH?* ion in its '2* ground state. However, they surmise from a 
study of the Ct-appearance potentials that the common state of formation 
from CHe and CH; radicals is the "If state with the processes represented by 


CH; + e— CHt + H; + 2e 
CH, + e— CHt+ + H + 2¢ 


The high values deduced for D(C*—H) in the study of Langer e¢ al. 
and for D(CH—H) by Waldron suggests the alternative that CH* is formed 
in its *If state. This violates the spin conservation rules in the formation of 
CH?+-ion from the CH;*(!A’:) ion and requires the assumption that the 
formation of excited CH* proceeds from excited states of the CH;*+ and 
CH;* ions. The proposed scheme is illustrated schematically in Figure I for 
the CH,* dissociation. The ground state of CH,* may be either #A; or 7B, 
as the electronic structure of the radical is still uncertain (114, 115). There 
are six states above the ground state which correlate with the II and 4il 
states of CH*. The first appearance of CH* will result from transition to a 


5 The vertical ionization potential is the energy required for ionization of a mole- 
cule with no change in the interatomic distances whereas the adiabatic ionization 
potential is the energy difference between the equilibrium configurations of molecule 
and ion. 
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potential curve, correlating with the ‘II state, which is attractive but whose 
minimum is appreciably displaced from that of the neutral radical such that 
vertical ionization will cause dissociation at the observed appearance poten- 
tial. 

A similar condition may be assumed for CHs dissociation as 1£” or 










CH* +H(?S,) 


\ 
Zoe (7A, ano“B, ) 





= CH @T1)+HE@S,) 


1 3 
CH, (A, or~B,) 
Fic. I. Schematic potential curves for ionization-dissociation of the CH: radical. 


3&” states will correlate with 'II or *II, respectively. No difference has been 
found between the ionization potentials of CH; and CDs; (93), indicating 
that the minimum of the ground state of the ion is not displaced with 
respect to the minimum of the radical. Thus, dissociation probably occurs 
from an excited state. With the assumption that the CHt-ion is formed in 
the ‘II state, about 0.5 ev lower than the II state, one obtains more reasonable 
values for D(Ct—H) and D(CH—H). 


QuasI-EQUILIBRIUM THEORY 


A theory of the mass spectra of polyatomic molecules, obtained by 
applying absolute reaction rate theory for isolated systems to the dissocia- 
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tion of the parent molecule-ions, has been presented by Rosenstock et al. 
(116). This theory was developed in an attempt to explain the major observa- 
tions of the mass spectra of polyatomic molecules of the size of propane and 
larger observed in the gaseous state. Then, the correlation rules described in 
the previous section impose few restrictions; the discussions in this section 
frequently apply only to such molecules. The above authors conclude that 
all valence electrons in the molecule must have approximately equal proba- 
bilities of removal, yet the energy excess over that required to give the ion 
in its lowest state must be free to rapidly travel about in the molecule (116 
to 119). Radiationless transitions offer a mechanism by which such energy 
transfer can occur. 

In normal, chemically-stable molecules formed from light atoms, there 
is a gap of several ev between the energy of the ground state and the excited 
states. When an electron is removed from a molecule, the resulting ion will, 
in general, no longer have an isolated lowest state. The electronic state of 
the ion with its odd electron can no longer be described simply in terms of 
localized orbitals, but use must be made of molecular orbitals extending over 
the entire molecule (48). No detailed knowledge exists as to the nature of 
the potential surfaces for any polyatomic ion, especially for ions containing 
over 10 atoms. One might argue that as the complexity of the molecular 
system increases the probability that the removal of one electron places it in 
a highly repulsive state decreases. Experimentally, it was found that the 
vast majority of fragment ions collected in the mass spectrometer are formed 
with small (less than 0.4 ev) amounts of kinetic energy (120) and hence do 
not arise by dissociation from strongly repulsive states. Consistency in bond 
energy calculations indicates that much less kinetic energy is imparted to the 
most abundant ions. Appearance potential measurements indicate that the 
formation of the more abundant ions, constituting over 90 per cent of any 
mass spectrum, requires from zero to at most four ev over the vertical 
ionization potential of the parent molecule (64). In an ion such as C3Hgt 
with 19 valence electrons, the average spacing between electronic states is of 
the order of one millivolt while the room-temperature vibrational energy is 
about 1/2 volt. The various potential surfaces will differ greatly in their 
dependence on nuclear coordinates, so there will be a very large number of 
intersections, at many of which the probability of transition will be large. 
Following vertical ionization, there will be some transformation of the initial 
excess of electronic energy (over the ion ground state) into vibrational 
energy in 10~ sec. This energy will circulate around the molecule until 
sufficient energy has concentrated in some one of the several energetically 
possible reaction coordinates to give reaction. Vibrational energy transfer 
about the molecule will also be expedited by the radiationless transitions. 

A means of calculating the unimolecular breakup of such an ion is now 
required. Usual reaction rate theory applies to systems in thermal equilib- 
rium (121). In the analogous theory for the decomposition of an isolated 
system (116), the basic assumptions are that the energy can circulate about 
the various degrees of freedom of the system randomly and rapidly compared 
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to the rate of reaction, and that the fraction of states giving rise to any reac- 
tion is such a small fraction of the total states accessible to the system with 
the given energy that the rates for the several reactions possible are inde- 
pendent of each other. Instead of the usual expressions for “sum over 
states” or partition functions for the normal and activated complex states, 
expressions for the density of energy levels for these states are required. For 
an isolated system, the result is 
(B= fo Fe Oden 
0 p(E) h 

where p(£) 1s the density of energy levels for the system with total energy 
E, and pt(Z£, €o, €:) is the density of energy levels for the system in the acti- 
vated complex configuration with €9 activation energy and e, translational 
energy in the reaction coordinate. It has been shown by Magee (122) that 
the expression for k’(E), integrated over all energies for a thermal distribu- 
tion, yields k’(T). If the system is represented by a collection of harmonic 
oscillators, then the above simplifies to 


E-— N-1 N N-1 
€0 II »/ I vit 


E j=l tal 





k'(E) = ( 


Analogous expressions have been derived (123); it is believed that this 
derivation gives a better insight into the physical situation. In the calcula- 
tions to date, a slightly more general expression, where the system is repre- 
sented by a collection of harmonic oscillators plus internal rigid rotors, has 
been used. A very large number of electronic states is assumed in order to 
obtain the necessary radiationless transitions and then is neglected in the 
rate calculations. This is equivalent to the approximation that reaction 
occurs when essentially all of the energy of the ion is in the form of vibra- 
tional energy and that only a small, essentially constant number of electronic 
states is involved in the several reactions. An alternative viewpoint is that 
the approximation by which one separates electronic and vibrational 
energy is not applicable to a system where the lifetime in an electronic state 
is not long compared to the time for a nuclear vibration. The nuclei must 
have some sort of motion, for which the simplest approximation will be a 
set of “‘average’’ normal modes. While the forces between atoms are not 
linear functions of any set of coordinates, they certainly do not change either 
discontinuously or by orders of magnitude. Lacking more exact knowledge, 
the ion is represented by one electronic state of some large degeneracy in 
which the density of states is given by conventional formulae in terms of the 
“average’”’ nuclear motions. The large degeneracy, which may be a function 
of energy, is the same for the normal and the activated states of the ion and 
so does not affect the rates. 

The reaction scheme, with calculated rates for all reactions, permits the 
calculation of the “cracking pattern” of a parent ion of a given energy. It 
is then necessary to sum or integrate over-all parent ion energies, using an 
appropriate energy distribution. Most ions will acquire at least a small 
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amount of vibrational energy from the vertical ionization. Very few ions 
obtain enough energy to end in strongly repulsive states. Since nothing 
further is known, an energy probability function that gives agreement with 
experiment is selected. An average parent ion energy of about 5 ev was found 
necessary in the calculations next described. 

The only detailed applications of the theory are to propane and 2,2- 
dideuteropropane (124). The assumed reaction scheme for the dideutero- 
propane is shown in the following scheme: 
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CH,CD,CHy 







+ 3 


+ 
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CHCH* 


A similar scheme was used for propane. Many assumptions are obviously 
involved in the selection of this set of reactions. For instance, only a few of 
the possible H—D interchanges have been considered; the minimum that 
would give all the important peaks. The single carbon fragments, totaling 
1.2 per cent of total ionization, have been ignored. 

The results of the calculations are given in Table II. Much better agree- 
ment with the data could be obtained by several recalculations, slightly 
modifying the assumed frequencies and the initial energy distribution of the 
parent ions. It is believed the present calculation serves the purpose of 
demonstrating that the main features of a mass spectrum can be explained 
in terms of the theory. The calculations for the dideuteropropane were com- 
pletely determined by the assumptions made for propane and the usual 
rules for calculating changes in zero point energy and vibrational frequencies 
on deuterium substitution. 

Metastable ion peaks were first shown by Hipple, Fox & Condon (125, 
126) to be the result of ions dissociating after acceleration but before mag- 
netic analysis in the mass spectrometer. Such ions appear at nonintegral 
masses, M*, given by M*= M?/ Mo, where Mois initial mass accelerated and 
M is the fragment mass analyzed. Measurements by Hipple (127) led to 
values of the order of 10~® seconds for the half-lives of such ions. 

In the theory now under discussion, there is nothing special in any way 
about the so-called ‘‘metastable ions.”’ It is merely an accident of conven- 
tional mass spectrometer design that ions having a reaction rate constant of 
about 10® sec"! appear in part as metastable ions (116, 119, 124). The 
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TABLE II 


CALCULATED AND OBSERVED Mass SPECTRA FOR 
PROPANE AND 2,2-DIDEUTEROPROPANE 





























Propane 2,2-Dideuteropropane 
m/e ; RA* | RAt R.A. | RAt 
_ Calc. | Obs. ~ Calc. | Obs. 
46 CH;CD.CHs; 10.8 12.9 
45 CH;CD.CHe ) Bey 1.9 
44 CH;CH:CH3 12.4 2.2 CH;CDCHs; 2.2 3.5 
43 CH;CH2CH:2 CH;CDCH2 
7 25 
(+40)t CH;CHCH; = = (CsH) sai . 
42 CH;CHCH2 CH2CDCH:2 
9 2.0 4.3 4.0 
(+40/39) | (CsHy) ’ (CsH:) 
41 CH.zCHCH: 74 9.4 CH.CHCHz2 0.6 : 
(+39) (C3Hs) ' , 
31 CH;CDz 22.2 28.5 
30 CH:CDz2 20.8 19.8 
29 CH;CHe 19.9 30.7 CH.zCHD 15.3 9.1 
28 CH2CHe 25.9 19.0 CH.CD 10.2 8.0 
27 CH2CH 12.9 10.3 CHCD 6.1 3.1 
26 CHCH 5.0 1.8 CHCH 1.6 0.6 
39.2=412/43 0.02 | 0.05§ (CsH;+>C;Hs*+H2) 
25.1 =272/29 0.14 0.08 (C2H;+—C2H;++ He) 
24.1 =262/28 0.03 0.01 (Ce2Hyt—-C2H2t+ He) 











* Both calculated and observed relative abundances (R. A.) are normalized to 
total ionization equal 100. 

t Schissler, D. D., Thompson, S. D., and Turkevich, J. (131). 

t Ion masses and corresponding ions in parenthesis assumed to result from de- 
composition of ion with which it is grouped. 

§ American Petroleum Institute (13). 


metastable ion intensities listed in Table II were calculated with the same 
rate equations as were used in the rest of the calculations. The time interval 
during which observable metastable ions would be formed was calculated 
from the known geometry and voltages in the mass spectrometer. 

Fox & Langer (44) compare the appearance potentials for the formation 
of metastable ions with the appearance potentials for the corresponding 
reactant ions and product ions. They find that where the reactant ion and 
product ion have significantly different appearance potentials, the appear- 
ance potential of the metastable ion peak is the same as the value for the 
product ion. The one exception, in isobutylene, must be attributable to lack 
of mass spectrometer sensitivity, which they demonstrated had led to 
similarly inconsistent results with n-butane. While their discussion assumes 
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that a metastable ion peak results from ions excited to some particular state 
different from the main group of ions, their data are consistent with the 
interpretation given in the preceding paragraph. 

Negative metastable ions have been reported by Donnally & Carr (128) 
in the mass spectrum of C;HsPO2Cle. The measured half-lives were 1.9 and 
4.8<10-* sec., determined by measurements over the time interval 2.5 to 
5 psec. 

Much information regarding the reactions of the parent ion in the mass 
spectrometer has been obtained from a study of deuterated molecules. All of 
the deuterated methanes have been studied (129, 130, 131). It is found that 
deuterium substitution increases the amount of hydrogen loss, but the 
deuteriums come off in smaller amount. The first observation results from 
the larger amount of energy circulating in the molecule since in a simple 
bond rupture the zero point energy of the parent ion will be lowered more 
than that of the activated complex by deuterium substitution (116). The 
difference in change in zero point energy, when two competing processes in 
one ion are compared, will make a hydrogen atom more easily removable 
than a deuterium atom. Schissler, Thompson & Turkevich (131) also give 
and discuss the mass spectra of ethane and four deuteroethanes. The two- 
carbon fragment ion spectra for the mono- and dideuteroethanes are well 
interpreted in terms of the two rules just given. The empirical weighting 
factors for increased probability of C—H bond break and for decreased 
probability of C—D bond break, listed in Table III, give excellent agree- 
ment with experiment. 


TABLE III 


WEIGHTING Factors FoR C—H anp C—D Bonpb RUPTURE 
RELATIVE TO THE NONDEUTERATED MOLECULE 














Molecule 
Factor* 
CH;D CH:2D, CHD; C:H;Dt CH;CHDet 
a :.23 1.48 1.80 1.09 1.15 
b 0.55 0.65 0.76 0.60 0.80 




















From Schissler, Thompson & Turkevich (131). 
* a—factor for C—H bond rupture. 

b—factor for C—D bond rupture. 
+ For two-carbon fragment ions only. 


This method of calculating the effect of deuterium substitution was not 
satisfactory for the C, fragments from 1,1,1-trideuteroethane, or for the 
single-carbon fragments from any of the partially deuterated ethanes. In 
an attempt to elucidate the nature of the processes occurring, Schissler et al. 
also obtained spectra at much lower electron voltages, thereby greatly limit- 
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ing the number of possible reactions. With this very useful mode of attack it 
was found that 13 volt electrons, which give only the fragment ion C,H4* 
from C2H¢, remove Hz, HD, and Dy» in relative amounts 0.04, 0.70, and 0.25, 
respectively, from CD;CHs. This is contrary to the simple rules previously 
given. Energetically, one would expect to lose only HD so as to be left with 
CH,—CD,* rather than CH;—CDt or CH—CDs5* (64). We believe that the 
loss is practically always of hydrogen (or deuterium) from adjacent carbon 
atoms to give ethylene ion directly, but that the activation energy for the 
process 
CH;—CD,* — CH.D—CHD,* 


is slightly less than the activation energy for the process 
CH;—CD;* ad CH ==C D.* oa HD 


so that H—D exchange occurs before dissociation in some fraction of the 
molecules. Also, when CH;CD; is bombarded with 17-volt electrons, masses 
18, 17, 16, and 15 can only result from simple C—C bond rupture and must 
be assigned to the ions CD;+, CHD.*, CH.Dt and CH;*. The relative 
abundances found are 7.2, 2.5, 2.1, and 7.1. This indicates that an H—D 
exchange occurs in approximately one-third of the parent ions before this 
reaction. The relative probability of Hz, HD, and Dz loss in the competing 
reaction would then have to be calculated taking into account this exchange 
reaction and also the fact that in the loss of a diatomic (or polyatomic) 
fragment the effect of deuterium substitution both on the activated complex 
and on the normal ion must be considered. To the extent the quasi-equilib- 
rium theory previously given applies to a molecule as small as ethane, the 
fact that loss of Dz is more probable than Hz implies that the activated 
complex for this reaction is a “‘tight’’ four-membered ring complex. Evidence 
for a similar four-membered ring activated complex in the thermal dehydro- 
bromination of ethyl bromide is presented in a recent paper by Friedman, 
Bernstein & Gunning (132). The data of Schissler et al., particularly the 
single carbon fragment ions, are also discussed by Flynn & Hulburt (133). 
They point out that the peaks at m/e=14.5 and 13.5, with 0.50 and 0.03 per 
cent of total ionization, respectively, must be attributable to C2H;** and 
C.H;**. To obtain a consistent scheme for the mass spectrum of C2H;D it 
is necessary to assume that the m/e=14 peak, representing 1.24 per cent of 
total ionization, is actually attributable to CH,* (0.34 per cent) and C,H,** 
(0.90 per cent). They also conclude that the C.H,4* ions have the ethylene 
structure, but that the doubly-charged ions are CH;—CH™*. This discussion 
of data obtained with 75 volt electrons does not contradict the discussions 
given previously based upon data obtained with 13.0 and 17.5 volt electrons, 
when double ionization is not energetically possible. 

Schissler ef al. also give data for 2-deuteropropane and 2,2-dideutero- 
propane, but do not discuss the spectra in detail. Their data was used in the 
detailed study of propane described previously in this paper. Other deuter- 
ated propanes have been prepared by Condon (134), but the mass spectra 
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and infrared spectra indicated that the isotopic purity was not high. The 
study of deuterium-substituted molecules is an extremely powerful method 
in deducing the nature of the breakdown reactions. Because there are then 
fewer ions formed having the same mass but different structures, it is very 
desirable to study the highly-deuterated molecules, as CDsCH2CDs3. How- 
ever, since the major peaks of less deuterated compounds often coincide with 
the smaller peaks of the compound under investigation, it is essential that 
the highest possible isotopic purity be obtained. 

The mass spectra of all the monodeutero C; through C, paraffins have 
been discussed in some detail by Stevenson & Wagner (135) and the mass 
spectra of the propanes and butanes containing C™ also have been discussed 
by Stevenson (136). A theoretical basis for the observations is obtained by 
considering the dissociation of a molecule, ABA, and its isotopically substi- 
tuted counterpart, ABA’. Then, in the set of reactions 


ABA +e—-7A-+ BAt-4 2e 1. 
ABA'+e—->A+BA't++2e 2. 
ABA'+e—-A’+ BAt-+ 2e 3. 


Stevenson concludes that if A’ is the ‘“‘heavier’’ isotope of A, reaction 2 is 
more probable than reaction 3 because of the greater zero point energy of 
the product ion in 3. We believe that the important quantity is the zero 
point energy in the activated complex, not in the product ion; however, in 
this case where a bond is simply broken, the two quantities are essentially 
the same. In comparing the probabilities of reactions 2 and 3 with 1, Steven- 
son discusses the effect of varying zero point energy upon the amplitude of 
oscillation in the ground state, following the scheme he found quantitatively 
applicable in discussing Hy and Dz (137). While in a molecule such as Hg, 
with only a very restricted number of electronic states, the zero point ampli- 
tude is very important, in a larger molecule the energy distribution in the 
parent ion will be essentially determined by the transition probabilities to 
the large number of excited electronic states and will be largely independent 
of isotopic substitution. The zero point energy of the parent ion will enter 
in setting the zero for the excess energy that is available for causing reaction. 
The finding of C!H;* in the mass spectrum of propane-2-C® and iso-butane- 
2-C may be explained in terms of a quasi-equilibrum dissociation taking 
place in two steps. Then, the intermediate will be a hydrogen-deficient ion 
on which the hydrogens will be extremely mobile, so that a statistical ar- 
rangement of the hydrogens (and deuteriums, if present) on the carbons will 
be obtained. 

A large fraction of the mass spectra listed in the massive American 
Petroleum Institute compilation (13) include ions that can only be formed 
by rearrangement in the parent ion. In 3,3-diethyl pentane, the largest 
peak, 57 or CyHgs*t, comprising 39 per cent of the total ionization involves a 
rearrangement. 

A general discussion of such rearrangement peaks was given by Langer 
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(138). Three possible mechanisms are proposed: (a) Isomerization of the 
parent molecule-ion prior to dissociation, (b) Shift of hydrogen atoms during 
dissociation, and (c) Breakdown of directed bonds between atoms so that 
more or less random combinations of atoms are possible as fragments. He 
points out that (a) may frequently be excluded, as mass peaks required by 
the necessary isomerization are not found. The ‘randomization’ of the 
excited molecule (c) can not be simply excluded, since if it were true there 
is no way to determine how the atoms would recombine. The shift of hydro- 
gens, (b), is adequate to explain all observed rearrangement peaks in hydro- 
carbon mass spectra. Langer & Johnson (139) find support for the idea of 
statistical rearrangement of ionic fragments or randomization in the excited 
molecule ion in a study of C-labeled neo-pentane. Happ & Stewart (140) 
find only simple hydrogen shift occurs in the rearrangement giving the 
major mass peak, m=60 or CH;COOH, from n-butyric acid. Momigny also 
finds it necessary to include only hydrogen migration to explain rearrange- 
ment peaks in the mass spectra of several benzene derivatives (141). It is 
stated that the mass spectrum of s-triazine contributes to the idea that the 
individual atoms lose their identity in the process of fragmentation (142). 
However, 78 per cent of the total ionization is in the parent ion and frag- 
ments obtainable by simple bond break and another 21 per cent requires 
only the shift of one hydrogen atom. Only 0.9 per cent requires more exten- 
sive rearrangement of the (—NCH—)s ring to give C:* and C.H* fragments. 

A number of deuterated normal butanes have been synthesized and the 
mass spectra determined by McFadden (143). In addition to the 2-deutero- 
butane previously described by Stevenson & Wagner (135), the 1,1,1-tri- 
deutero, 1,1,1,3,3-pentadeutero, and 1,1,1,2,2,3,3-heptadeutero compounds 
were prepared. From the mass spectra obtained with 80 volt electrons, it was 
determined that the reaction scheme was more complicated than expected. 
We believe that a detailed discussion will require the obtaining of complete 
mass spectra at reduced electron voltages. Even more necessary will be the 
use of the new techniques described in the previous section of this report to 
obtain highly precise appearance potentials for each of the several similar 
reactions that replace one gross reaction when deuterium atoms are intro- 
duced into the molecule. Several qualitative conclusions can be drawn from 
the presently available data on the deuterobutanes. A peak at mass 49 which 
can only be C3D,.H*, obtained from CD3;CD2CD2CH; with the ratio of mass 
50 to 49 of 20.3 to 3.1 indicates an H—D exchange in approximately one- 
seventh of the parent ions before the C—C bond break. Similarly, the exist- 
ence of a peak at mass 33, C2.HD,*, from CDs;CH2CD2CHs, implies an H—D 
exchange, that must be between carbon atoms 2 and 3. Similar arguments 
require that H—D exchanges take place between carbon atoms 1 and 3 and 
also between carbon atoms 1 and 4. The interpretation of these rearrange- 
ment peaks as impurity peaks is excluded by the nonexistence of other peaks 
of the impurity required. 
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Bonp DISSOCIATION ENERGIES 


The present detailed knowledge of bond dissociation energies of hydro- 
carbons, originating with the work of Stevenson (144) is one of the major 
accomplishments of the application of the mass spectrometer to studies of 
molecular structure. Only certain special aspects of the method will be 
discussed here. At the appearance potential of an ion formed by simple bond 
break, 


Rik; + e > Rit + Re + 2e, 
A(Ri*) = D(Ri — R2) + 77(Ri) + E 


where D is the dissociation energy of the indicated bond, J* denotes the 
ionization potential, and E represents any excess energy, either electronic or 
kinetic, given to the ion and neutral fragment. In the first application of the 
“indirect method”’ in which the difference in appearance potentials for the 
same ion from two different compounds is obtained and combined with 
thermal data to yield a bond energy, Stevenson assumed that in similar 
reactions, terms in E would be similar and hence cancel (144). From the 
agreement between five “indirect” and two “‘direct’’ determinations Steven- 
son more recently has concluded that in many cases the excess energy term, 
E, is negligible (145). Stevenson finds D(CH;—H) =4.42+.04 ev. It is 
improbable that the energy going into vibrational and electronic excitation 
of the products at the appearance potential is much larger than the .04 ev 
probable error. 
In general, Stevenson (145) finds that in 


Ri - R2 + e— Rit + Re + 2e, 
the equality 
A(Ry*) = I*(Ri) + D(Ri — Ra) 


holds if and only if J*( Ri) <J*(R2). If I*(R:) > J*(R2), then A(Ri*) is greater 
than the sum on the right. This relationship is frequently called Stevenson's 
rule by other workers in this field. It was also stated by Wallenstein et al. 
(117). It is implicit in the quasi-equilibrium theory of mass spectra pre- 
viously described in this review. In the activated complex for the dissociation 
of Ri—R:* into fragments R; and Re, the bond joining R; and Rz will be 
essentially a one electron bond. As for H;*, there will be two electronic states 
for the parent ion correlating with the two states for the separated frag- 
ments, Rj++R,. and Ri+R:*, the lower state attractive, the upper state 
repulsive (146). If I*(R:) <J*(Rz), then the state correlating with Rit+Re 
will be attractive and dissociation will take place with no kinetic energy in 
the fragments. The state correlating with R:+R;* will be of much higher 
energy—at least several volts—at normal internuclear distances in the 
parent ion and should result in high kinetic energy in the product ion. Since, 
in general, appearance potentials do not correspond to excitation to such 
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excited states (119), nor are most ions found with kinetic energy, the mode of 
formation of Rz* must usually be successive reactions, as 


Ri —-R+e-R - R.* + 2e 
R,Ra* — R3t + Ra, T#(R3) < I*(R4) 
R;+ — M + R;*, T*(R2) < J*#(M) 


where M will in general be an olefin. Then, A(R:*) —A(R;*) in the mass 
spectrum of RiR: will yield the activation energy for the last reaction writ- 
ten. This is in agreement with the ideas expressed by Stevenson in his last 
papers (145, 147, 148). 

Heats of formation of ions and radicals as obtained by combining mass 
spectral and thermal data have been calculated by Franklin & Lumpkin 
(149), by Franklin & Field (150), and by Field (151, 152). Field assumes that 
the breakup of a molecule under electron bombardment is a quasi-equilib- 
rium stepwise process so that the neutral fragments accompanying any ion 
are the ones most easily formed. He then calculates heats of formation of ions 
and radicals resulting from two successive reactions as well as from simple 
reactions and so obtains bond energies not obtainable under the more 
restrictive approach of Stevenson. We are in general agreement with the 
procedure followed by Field, but differ on some details; further data are 
necessary. 

An extensive listing of appearance potentials in aromatic hydrocarbons 
is given by Field & Franklin (153). Ionization potentials are compared with 
those calculated by Franklin using the group orbital method of Hall. There 
is evidence that ionization with loss of a methyl radical from the xylenes, 
trimethylbenzene, and the methylethylbenzenes leads not to the expected 
phenyl ion but to the more stable benzyl! ion. Various correlations of ioniza- 
tion potentials with rates of aromatic substitution reactions are made. The 
difficulties and possibilities in applying electron impact data to organic 
reactions in solution are considered. 

The detailed study of normal C,—C, alkane mass spectra has led Steven- 
son to several unexpected conclusions regarding the structure of the ions and 
radicals formed at the appearance potential (147). He concludes that 


n-CgHi4 +. e-9 s-C3;H,* a s-C3H7 a 2e 


and that s-C;H;+ is also obtained from C3Hs, m-CyHio, and n-CsHw. 
However, the n-C3H; radical is believed to be formed along with C,Hgt 
from n-C;Hig and along with CsHut from n-CgHig. Also, it is concluded 
that the C,Hg* obtained from n-CsHis, m-C7Hieg, and m-CgHis has the second- 
ary structure, but that in the case of the last compound, the CyHg radical 
obtained at the same time has the » or primary structure. It is concluded 
that normal alkyl ions are not formed as dissociation products in alkane mass 
spectra, but that m-propyl mercaptan and n-propyl chloride do give 
n-C3H;* on electron impact. While these conclusions are only based upon 
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the resulting consistency in values calculated for various dissociation ener- 
gies and ionization potentials, the simple assumption that the ion and radical 
obtained in R)-R,+e—R;++R,=+2e have the structures given by simple 
break is excluded. The time for these dissociations must be long in terms of 
vibrational periods so that the hydrogens can find themselves in the correct 
positions to form the required new bonds as the initial bonds are broken in 
the activated complex. 

The difficulties in obtaining meaningful appearance potentials have been 
discussed in the previous section of this report. Stevenson, using the “‘initial 
break”’ method has consistently obtained results indicating that his data are 
appreciably better than he claims; see, for example, the agreement shown in 
his Table II (see 145). Other workers have frequently been less successful 
and so have tried to use a more objective method of finding the appearance 
potential. Since bond energy calculations involve only appearance potential 
differences it might seem that the errors in the linear extrapolation method 
or the critical slope method would cancel out. This is definitely not true for 
the linear extrapolation method. Ionization efficiency curves for productions 
vary so in fine structure near the appearance potentials that errors of 0.5 ev 
or 12 kcal. are easily possible even though results reproducible to 0.1 ev or 
less are obtained. 

The studies of Stevenson just described lead to an insight into the 
processes occuring at the appearance potential. The determination of the 
proper explanation for the fine structure in ionization probability curves is a 
problem for the immediate future. It is frequently postulated that a break 
represents the start of a new reaction producing the ionic species. An alterna- 
tive explanation is that the breaks correspond to the inner ionization po- 
tentials of the parent molecule (48). 

The kinetic energy of fragment ions at the appearance potential has been 
determined in several cases by Kandel (65). He finds the total excess kinetic 
energy associated with the formation of CH;* ion from C2H¢, C3He, and 
C.sH;CH; to be 0.70 volts, 1.99 volts, and 0.40 volts, respectively. Calcu- 
lations of bond energies, assuming the CH;* is formed by simple bond break 
from a repulsive state, leads to values consistent with other studies. This is 
clearly not in accord with the general idea of quasi-equilibrium dissociation. 
While ethane might be excluded as being too small for that theory to apply, 
propane and toluene certainly are of sufficient size. At least some dissociation 
yielding small fragments does proceed directly from repulsive states rather 
than by successive breakdown. However, the peaks with m/e $15 only con- 
stitute a small fraction of the total ionization, about 1 per cent for propane. 

Kandal (66) has also studied the mass spectrum of nitromethane in 
detail, determining the cracking pattern for 70 volt electrons and the 
appearance potentials and kinetic energy excess for all important ions; 
C+, CH;*, and O* are formed with kinetic energy. The important fragment 
ions can be explained by equilibrium dissociation, stepwise in the case of 
m/e=14(CHs*) and m/e=13(CHt*). A low value for the appearance poten- 
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tial of m/e =30, NOt, requires that this be a rearrangement peak with CH;0 
the neutral fragment. 

Appearance potentials and mass spectra have been determined for a 
number of aliphatic amines by Collin (154, 155, 156) and the C—N bond ener- 
gies have been calculated. Appearance potentials for several cyclic hydro- 
carbons and heterocyclic molecules have been reported and discussed by 
Hissel (157). 

The ideas of the authors of this review regarding the quasi-equilibrium 
nature of the dissociation of polyatomic molecules under electron impact 
have been emphasized in the last two sections. This theory has several 
limitations. It certainly does not apply to small molecules, as HzO and CHy, 
probably only in part to C,H». Even for C3Hs, it does not apply to the 
single carbon fragments since CH;* is formed with kinetic energy. Three 
exceptions to Stevenson’s rule have been noted by Field (152), in pro- 
pylene, methy! fluoroform, and methylcyclopropane. These are all cases of 
molecules of sufficient symmetry that there might well be sets of nonin- 
teracting electronic states, one set yielding Rit, one R:*, from RiR:*. We 
think that while ionization to repulsive states and multiple ionization yield 
specific mass peaks, most ions—over 90 per cent in most mass spectra— 
result from quasi-equilibrium decomposition. Perfluoro compound mass 
spectra are entirely different from those of the corresponding hydrocarbons 
(158). In aromatic molecule ions such as benzene, there again might well 
be groups of noninteracting attractive electronic states, such as give rise 
to fluorescence in the case of molecules. By limiting the amount of elec- 
tronic excitation converted into vibrational energy, such grouping of states 
into bands will increase the yield of parent ions. 


INTERMOLECULAR REACTIONS 


In the mass spectrometer, approximately 10~ sec. elapses between the 
formation of the parent ions and the final collection of the parent and frag- 
ment ions. In a gas at one atmosphere, about 10‘ collisions will occur in this 
time as noted by Magee, Table II (1). As a consequence, the reactions of 
charge exchange, charge neutralization, and collisional deactivation will 
greatly change the decomposition reactions of the parent ion. Also ions can 
be produced by collisions of the type 


A+Bt>At+Bte 


if E(B*) >JI*(A). A striking example of this is the change in the apparent 
value of W, the energy in ev required to form an ion pairina gas, with purity. 
A fraction of a per cent of impurity in helium lowers the value of W from 
46.0 to 30. ev (159). Thus, the several attempts to explain the apparent lack 
of correlation between W and J* for the rare gases and other molecules were 
in error; the expected correlation exists if the gas is pure so that ions cannot 
be formed by the reaction above. 

The calculations on propane (119) indicate that over 50 per cent of the 
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ion reactions occurring in the mass spectrometer are completed in 10~° sec’ 
To that extent, the ions initially produced by secondary electrons of energy 
over about 25 ev should be similar to those produced in the mass spectrom- 
eter. However, the final products obtained from the ions formed by an 
electrical discharge in a gas or by ionizing radiation certainly do not result 
merely from simple charge neutralization. In the reactions A+t+-e-—A and 
Bt+C--—BC, the energy of charge neutralization will invariably be at least 
twice the amount necessary to cause dissociation. In accordance with the 
calculations for positive ion dissociation, such excited molecules even if quite 
large will probably dissociate before they are deactivated by collision. The 
fragments will then react further to yield the final products. 

The secondary electrons produced by ionizing radiation can introduce 
energy into a system both by ionization and by excitation. The relative 
importance of these two paths in leading to chemical reaction is presently in 
dispute. One interesting approach to the determination of the importance of 
radicals is that of Gevantman & Williams (160), who use radioactive iodine 
as a scavenger in the radiolysis of alkanes. They find a complementary 
relation to the mass spectra of the compounds. 

By appropriate modification to permit operation at higher pressures, a 
mass spectrometer can be used to study secondary reactions between ions 
and molecules. The work with the parabola spectrograph of Henglein & 
Ewald (161), while for high energy ions, is an important step in this direction. 

In liquids, still less direct relationship will exist between mass spectra and 
radiation chemistry. Mass spectral data should be useful in yielding infor- 
mation about the amount of excess electronic energy imparted to the ions. 
However, only a negligible fraction of the ions formed will decompose before 
collision. Radiationless conversion of electronic energy to vibrational energy 
which is rapidly removed by collision will probably take the ion to its lowest 
state without decomposition. Chemical reaction will then result from 
dissociation following charge neutralization (162). 
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RADIOCHEMICAL SEPARATION TECHNIQUES 


By H. L. Frnston AND JOHN MISKEL 
Brookhaven National Laboratory, Upton, Long Island, New York 


INTRODUCTION 


A survey has been made of the recent literature,! covering the fields of 
nuclear physics, nuclear chemistry, radiochemistry, and analytical chem- 
istry with respect to new separation techniques in general and to application 
of separation techniques to the particular problems facing the investigator 
working with radionuclides. The problems of separation of radionuclides, 
except for the special cases of Szilard-Chalmers and recoil separation, are 
essentially the problems of analytical chemistry. The analytical chemistry 
literature has been carefully scrutinized, and suggestions are made as 
to the application of procedures which may not have been used for radio- 
chemical separations. The increased application of y-counting (both of 
solids and solutions) has obviated in some cases the necessity for preparing a 
sample in a gravimetric form previous to counting. This presents the possi- 
bility of applying standard analytical procedures, such as colorimetry, 
polarography, etc., to the problem of yield determination. 

The separation procedures have been divided into four general classes: 
precipitation, solvent extraction, volatilization, and chromatography. Mis- 
cellaneous chemical methods, such as ‘“‘carrier-free’” procedures and non- 
gravimetric yield determinations, have been included in the appropriate 
major class. In addition, the application of instruments such as y-ray spec- 
trometers and a@ pulse-height analyzers to the identification of radionuclides 
is discussed. 

To facilitate the use of this chapter as a reference source for radiochemical 
separations, the material and references discussed in each section have been 
arranged in tabular form wherever possible. 


PRECIPITATION 


The use of precipitation reactions for isolating specific elements or groups 
of elements is, of course, the technique most familiar to radiochemists. In 
addition to the more conventional precipitation methods, precipitations from 
homogeneous solutions and precipitations in the presence of complexing 
agents, for example EDTA (ethylenediamine tetra-acetic acid), which have 
been developed primarily by the analytical chemist are discussed. The pre- 
cipitation onto ion exchange columns is mentioned as a rather new technique 
which may have some useful application, and plating procedures are also 
included under this heading. 

Complexones.—The usefulness of metal chelates in radiochemical separa- 


1 January, 1953 to January, 1955. 
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TABLE I 


STABILITY OF EDTA CHELATE COMPLEXES* 











pH 4.00 6.50 8.65 11.00 
Cr Ni Ni Co 
Cu Cu Co Ni 
Ni Co Cu Cu 
Pb Zn, Cd Zn, Cd Zn, Cd 
Co Ca Ca Ca 
Mg Mg 
Sr Sr 
Ba Ba 





* Tech. Bull. No. 2. The Versenes, Bersworth Chemical Company, Framingham, 
Mass. (1951). 


tions has long been recognized, and the application of reagents which form 
insoluble compounds with metal cations, such as 8-hydroxyquinoline (oxine), 
cupferron, a-nitroso-8-napthol, etc., are commonplace. In recent years a 
number of new aminopolycarboxylic acids have come into widespread use, 
and of these, EDTA is, in the opinion of Belcher (1), perhaps the most 
important reagent ever applied in analytical chemistry. These compounds 
(the complexones) have the special property of forming water-soluble chel- 
ates with a large number of metallic ions, and the chelation is preferential. 
Table I shows the order of chelation of some of the common metals at 
various pH’s in order of decreasing strength of complex from top to bottom. 

The uses of the complexones in analysis may be divided into four cate- 
gories: (a) masking action, (6) colorimetric analyses, (c) titrimetry, and 
(d) polaragraphy. Of these, only the masking action in precipitation reac- 
tions is of primary interest in the field of radiochemical separations. The 
influence of oxine on the complexes formed between EDTA and various 
metallic ions has been studied. The results summarized in Table II indicate 
the specificity which may be obtained using a general precipitant in con- 


TABLE II 


IoNS PRECIPITATED BY OXINE IN THE PRESENCE OF EDTA* 











Acetic Acid-Ammonium Acetate Sodium Acetate-Ammonium Hydroxide 
Buffer Buffer 
Mot Al’+ 
W Fe*+ 
Us+ Cut 
Vist Cutt 





* Prible, R., and Malat, M., J. Coll. Czech. Chem. Comm., 15, 121 (1950). 
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junction with the complexones. Some recent applications of complexones in 
conjunction with precipitation from homogeneous solution have been re- 
ported and are reviewed in that section. 

Precipitation from homogeneous solution.—When a precipitate is formed 
by addition of a reagent to a solution, even though very dilute reagent may 
be added with vigorous stirring, there is often considerable coprecipitation 
and occlusion as a result of local supersaturation. Subsequent digestion of the 
precipitate may not materially decrease the amount of ‘‘normally nonpre- 
cipitating”’ ion or radical present in the precipitate. When the precipitating 
ion or radical can be formed in the solution by the gradual hydrolysis or 
oxidation of a parent compound, the liquid phase remains homogeneous and 
the absence of concentration gradients results in greatly reduced coprecipi- 
tation, or occlusion, or both of foreign ions. 

The gelatinous nature of hydroxide precipitates, such as ferric hydroxide, 
which tends strongly to cause coprecipitation and occlusion, early led to the 
application of homogeneous precipitation techniques to these substances by 
analytical chemists in order to obtain more compact and pure precipitates. 
In many cases, radiochemical procedures take advantage of the occlusion 
and coprecipitation accompanying these gelatinous precipitates as a means 
of “scavenging” a solution of unwanted activities. On the other hand, there 
are often situations in which the scavenging process is undesirable and the 
use of a homogeneous technique may be advantageous. 

A most satisfactory method for increasing the pH of a solution in a 
homogeneous manner is by the hydrolysis of urea at 90° to 100°C. The 
hydrolysis can be stopped at any desired pH by cooling the solution; the 
maximum pH which can be reached depends upon the concentration of 
ammonium salt in the solution. Other effective methods for increasing the 
pH of a solution are by hydrolysis of acid amides, such as acetamide, and of 
trichloracetates. 

The application of neutralization reactions is not limited to precipitation 
of basic salts, since many other precipitates can be formed by neutralization 
of an acid solution. The precipitation of acid-soluble salts may also be 
accomplished by the slow homogeneous hydrolysis of urea. Gordon & Fir- 
sching (2) have precipitated barium chromate from acid solution by raising 
the pH in this manner, while Heyn & Schupak (3) have used the hydrolysis 
of ammonium peroxydisulfate to lower the pH in order to precipitate 
barium sulfate from a solution containing the barium complexed by ethylene- 
diamine. The hydrolysis of esters of inorganic acids and the oxidation or re- 
duction of a parent compound to yield the desired precipitating ion extends the 
scope of the homogeneous technique beyond the limitations of neutralization 
reactions. Elving & Zook (4) precipitate PbSO, with dimethyl sulfate. The 
separation of americium from lanthanum by the fractional precipitation of 
lanthanum oxlate with dimethyl oxalate is reported by Herman (5). A 
recent application of this technique involving a gradual oxidation (6) is the 
precipitation of Fe(OH); from a versene complex at a fixed pH (3.0 to 3.2) 
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by oxidation with H,O, at room temperature. An example of homogeneous 
precipitation involving reduction is the precipitation of thorium iodate (7) 
with the iodate produced by reduction of periodate with ethylene glycol. 
The latter is produced upon the hydrolysis of B-hydroxyethyl acetate. The 
homogeneous precipitation of metal sulfides by use of thioacetamide as a 
source of sulfide has been studied by Flaschka (8). The sulfide precipitates 
obtained in this manner have the usual advantages of homogeneous precipi- 
tates in that they are dense, coarsely crystalline, and easily filtered. The use 
of EDTA in combination with thioacetamide has also been investigated by 


TABLE III 


ELEMENTS PRECIPITATED WITH THIOACETAMIDE IN AciD SOLUTION* 








Max. normality of acid 
Element Remarks 


HCl H:SO, HNO; 








Antimony (III) 1 _— — 

Arsenic (III) 1 6 1 AsS; incompletely ppt. from HAc sol’n. 

Arsenic (V) 6 6 _— 

Bismuth 1 —_ 2 

Cadmium 1 6 _— 

Copper 2 6 0.5 

Germanium _— 6 _— 

Lead 0.1 _ 0.3 Ppt. slow from hot neutral or weak acid. 
Rapid from acid sol’n made ammoni- 
acal 

Mercury 0.2 0.5 0.5 

Selenium Mixture of Sand Se ppts. from hot or cold 
acid solution 

Tin 1 





* Reproduced from Chemist-Analyst, 44, 5 (1955) (Courtesy J. T. Baker Chemical 
Company). 


Flaschka (9). This combination allows for increased specificity in sulfide 
precipitations resulting from the masking effect of the EDTA for some ions. 
Excess Cat* can be used to demask an EDTA-metal complex when desired. 
Tables III and IV summarize the results obtained with thioacetamide. 
Precipitation on ion exchange columns.—Precipitation reactions in which 
the source of the precipitating agent is a pretreated ion exchange resin have 
recently been performed and may have some application for radiochemical 
analysis. For example, this technique has been applied to the precipitation 
of BiOCI on Dowex 1,? which had been pretreated with hydrochloric acid to 
convert the resin to the chloride form (10). The columns were prepared by 


2 Dowex-1 is a strongly basic anion exchange resin of the quaternary amine type. 
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TABLE IV 


ELEMENTS PRECIPITATED WITH THIOACETAMIDE IN NEUTRAL OR Basic SOLUTION 











Element Solution Remarks 

Bismuth Ammoniacal Bi2S; ppt. in presence of tartrate or EDTA 

Cadmium KCN or ammoniacal Prolonged boiling and excess thioacetamide re- 
quired. EDTA prevents or delays CdS ppt. 
Excess Ca allows ppt. to form in presence of 
EDTA. 

Copper Ammoniacal Rate of ppt. influenced by EDTA. Prolonged 
boiling required for complete ppt. 

Cobalt Ammoniacal+NH,*+ Coarse ppt. forms after incubation period. 
CoS shows no colloidal tendency. EDTA 
masks ppt’n. Ca demasks. 

Iron Ammoniacal Acid Fe (III) solutions are reduced by thio- 
acetamide. FeS ppts. on addition of ammonia. 
No ppt. in presence of EDTA. 

Lead Neutral, or ammoni- PbS ppts. slowly from neutral or weakly acid 

acal sol’ns. Rapid ppt’n from acid sol’n made 
ammoniacal. 

Mercury Neutral, or ammoni- HgS precipitates in cold. Not affected by 

acal EDTA. 

Nickel Ammoniacal+NH,* Coarse ppt. forms after incubation period. 
NiS shows no colloidal tendency. EDTA 
masks ppt’n. Ca demasks. 

Silver Ammoniacal or neu- Ppt. forms at once in cold sol’n. EDTA has 

tral no effect 

Thallium (I) _Ammoniacal Ppt. forms readily, even in presence of EDTA 

Thallium (IIT) Ammoniacal Slightly acid Tl (III) solution forms TlS 
after addition of ammonia. 

Tin (II) Ammoniacal tartrate SnS forms on heating. EDTA masks ppt’n. Ca 
unmasks. 

Tin (II) Stannite SnS forms, hot or cold 

Tin (IV) Ammoniacal tartrate EDTA has no effect 

Zinc Ammoniacal A cold sol’n allowed to stand 1/2 to 3/4 hr., 


then heated gives easily filterable ppt. after 
long incubation period. 











equilibration of the resin with 6 N HCl, followed by washing with water to 
remove excess acid. The washing was continued until the effluent gave no 
test for chloride. The sample, ina minimum volume of 1 to 2 N HNOs, formed 
a white precipitate of BiOCI at the top of the column which migrated evenly 
down the column upon washing with water. This suggests the possibility of 
an equilibrium of the type, 


R—Cl + BiOt = R* + BiOCI 
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which, if so, affords a convenient technique for multiple reprecipitation and 
consequently a very pure precipitate. Bismuth and thorium were separated 
in this manner; thorium was completely recovered in the eluant, and greater 
than 99 per cent of the bismuth was retained on the column. Sr® and Y* 
were also separated in a similar manner. An equilibrium mixture of Sr®* and 
Y*° was passed through a Dowex-1 column which had been pretreated with 
hydroxide ion. The Sr® was eluted with water, the Y* remaining on the 
column as yttrium hydroxide. An aluminum absorption curve of the stron- 
tium fraction (Fig. 1) showed no more Y*® present than that corresponding 
to the natural growth in the time interval between the separation and the 
measurement. The yttrium was removed from the column by elution with 
1 M HCI. An analysis of the decay curve of the yttrium fraction (Fig. 2) 
indicated less than 1 per cent Sr®° contamination. 
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Fic. 1. Aluminum absorption curve of the strontium fraction. 
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Fic. 2. Decay curve of the yttrium fraction. 


Komlev & Tsimbalista (11) performed similar precipitation separations 
on alumina columns. By pretreating a column with silver ion, they have 
removed iodide, bromide, and chloride from solution. They also have em- 
ployed sulfide-treated columns to remove bismuth and cadmium, and iodide- 
treated columns for separation of silver, mercury, and lead. 

Precipitation separations—A new analogue of cupferron, 2-fluorenyl 
cupferron, has been prepared and used successfully in the quantitative 
determination of iron (12). The compound has many characteristics in 
common with cupferron: it forms precipitates with many cations, and is as 
sensitive as neocupferron for the determination of iron. The qualitative 
characteristics of the fluorene analogue are given in Table V. 
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Sircar and his co-workers have tested the thiosemicarbazones of eight 
aldehydes and five ketones as reagents for some metallic cations at different 
pH ranges (13). In some cases results were obtained which may be of interest 
in the field of separations chemistry and are summarized in Table VI. Pre- 
cipitation separations, other than those previously described, are summarized 
in Table VII. 

The necessity for routine analysis of long-lived fission products has 
focused attention on the need for simpler, yet reliable, procedures for 
radiometric determinations of Cs'®’, Zr®, and Sr®*. Another nuclide of im- 


TABLE V 


PRECIPITATIONS WITH 2-FLUORENYL CUPFERRON 








Cation 


Solution 


Precipitate 





Sbttt+ 
Batt 
Bitt+ 
Cdt+ 
Catt 
Crtt+ 
Cott 
Cutt 
Fett+ 
Pbtt 
Mn++ 
Hgt 
Hg*+ 
Nitt 


Acid (HCl) 

Neutral 

Sl. Acid (HCl) 

SI. Acid (HCl) 
Basic (NH,OH) 

Sl. Acid (HCl) 
Neutral; sl. basic (NH,OH) 
Acid (HCI); neutral 
Acid (HCl) 

Neutral 

Sl. Acid (HCl) 

SI. Acid (HCl) 
Neutral 

Sl. Acid (HCI) 


Light yellow 
White 
White 
White 
White 
Dirty-white 
Red-brown 
Dirty-white 
Red-brown 
White 
Dirty-white 
White 
White 
Yellow-green 


Agt Neutral White 
Srtt Neutral White 
Thtt+t+ Neutral White 
Snt+ Neutral White 
Sntt++ Neutral White 
Znt+ Sl. Acid (HCI) White 





portance, although not a fission product, is P® which is widely used as a 
tracer and beta-standard. Improved procedures for these nuclides are sum- 
marized in Table VIII. 

Electro- and chemical plating.—A number of review articles on electro- 
chemical analysis have been published since 1951, including a comprehensive 
monograph by Lingane (39) published in October 1953. The book discusses 
principles, methods, and apparatus of electroanalysis, controlled potential 
electrolysis, internal electrolysis, as well as electrographic analysis, potenti- 
ometric titrations, coulometric analysis, and conductometric analysis. The 
latter four techniques are of interest to the radiochemist only insofar as they 
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offer other than gravimetric methods for yield determinations. Among the 
other review articles are a shorter and less comprehensive review by Lingane 
(40), and a recent review article by DeFord (41) which covers the theory of 
electroanalysis, controlled potential separations, mercury cathode separa- 
tions, internal electrolysis and constant current electrolysis, and the tech- 
niques of electro-oxidation and reduction and coulometric titrations. 
Ishibashi & Fujinga (42) have published a review on the principles and 
methods of controlled-potential electrolysis, and Palmer & Vogel (43) have 
described an electronic device for regulation of the cathode at the desired 
potential, with respect to a standard reference electrode, to +1 millivolt. 


TABLE VI 


PRECIPITATIONS WITH THIOSEMICARBAZONES 








Aldehyde 
or Ketone 


Color of 


son pHi Precipitate 


Observations* 





Vanilline Hg* : light yellow soluble in alcohol and acetone 
Benzaldehyde Hg** 5. light yellow quantitative, soluble in alcohol 
Cut ; green gel quantitative 
Cutt ; green gel quantitative 
Anisaldehyde Hg* ‘ yellow precipitate insoluble in alcohol, dil acids and 
dil NHOH 
Hgt* 5. yellow precipitate same as above 
Cut* 3, green precipitate soluble hot alcohol 
Resorcyl- Hg** 3. yellow precipitate quantitative, soluble in hot alco- 
aldehyde hol 





* In addition to the precipitation reactions, it was noted that Co formed highly- 
colored complexes with some of the reagents investigated allowing the detection of 1 
part in 108, 


Some recent applications of controlled potential electrolysis are reported in 
Table IX. 


Irvine (49) and his group at MIT are studying the deposition behavior of 
millimolar solutions of Tl and Cd at a mercury cathode. They have found 
that the potential at which half of the element is deposited agrees closely 
with the polarographic half-wave potential; the presence of other ions in the 
mercury, specifically moderate amounts of Cu and Bi, does not affect the 
deposition behavior of Cd. 

The use of a micro-mercury cathode consisting of a rigid metal cathode 
plated with mercury is reported by Hahn (50). This technique was developed 
for use with small volumes of solution where the conventional mercury pool 
cathode was unsatisfactory because of the limited mercury surface in contact 
with the solution, the inherent difficulty in minimizing spray losses, and 
the problem of achieving efficient stirring. The cathode used by the author 
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TABLE VII 


PRECIPITATION SEPARATIONS 











Element Reagent Remarks 
Barium Co; Ba precipitated from NH,sOH-EtOH solution. 
Solubility loss of 0.005% when 3.04 gm. of barium 
are precipitated. 
Cadmium 2-(o-Hydroxypheny] ) - Precipitation is complete in the pH range 11-12. 
benzoxazole Tartrate employed to complex heavy metals. 
Triphenylmethyl-arsonium Quantitative in the range of 1-100 mg. Cd. Inter- 
Iodide fering ions are Sb, Bi, As, Cu, Pb, Hg, and Ag. 
Quinoline-8-carboxylic acid Excess reagent added to acid solution and pH ad- 
justed by making the solution alkaline to brom- 
thymol blue. 
Reinecke’s salt (diaminc Forms an insoluble salt in 0.1 to 1.0 N mineral acid, 
tetrathiocyanate-chromi- with a complex cadmium-bithiourea cation. 
um (IITI)) 
Cesium, Po- Sodium tetra-phenyl boron Precipitate made from slightly acid solution. Mg, 
tassium, Ca, Al, Fe, Co, Ni, Mn, SO,, PO, do not interfere. 
Rubidium, 
and Am- 
monium 
Ion 
Copper p-Anisidine As little as 0.6887 detected in aqueous solution con- 


Germanium 


Mercury 


Platinum 
Group 


Silver 


Thorium 


Zirconium 


240 gm. NH,.Cl+14 gm. 
Tartaric acid+13 gm. 
BaCl:*2H:0+H:0 to 
make 1 liter 

1% 3,4-dihydroxyazoben- 
zene in ethanol and hy- 
drochloric acid 

Phenylboric acid 


2-(O-Hydroxypheny!]) - 
benimidazole 


Adipic acid 


P-Iodoaniline 
Strychnine 

Brucine 

2 Mercaptabenzothiole 


1,2- 3-benzotriazole 


Benzenephosphonic acid 
Iodate 


2.4-Dichlorophenoxyacetic 
acid 

Phenylglycine-e.c.-carbox- 
ylic acid 

Benzilic acid 


taining SCN~- or I-. pH =6.8-6.9. 
Very insoluble precipitate. Up to 5 mg. is completely 
precipitated from basic solution. 


Precipitation is complete. 


The precipitate was dried at 70°C. and weighed in 
vacuo. 

Hg can be determined with an accuracy of —0.3% 
in the range of 10-80 mg. Ferric ion is the main 
interference. 

Hg is precipitated from an aqueous solution at pH 
2.8 by the addition of saturated adipic acid solu- 
tion. There is no interference from Pb, Ag, or TI. 

Precipitates Pa, Pt and Os at pH 4. 

Dense precipitates formed with Pa, Pt, Ir, Os. 

Reacts like strychnine 

Pt and Pd precipitate in the cold; the remainder re- 
act upon heating. 

10-100 mg. Ag precipitated quantitatively in the 
presence of EDTA. There is no interference from 
metals, and Cl-, Br-, and F~ do not interfere. 
Iodide forms a precipitate with Ag. 

pH 0.5-1. Dry at 150°C. to constant weight factor 
=0.38796%. 

40% HNO; solution; 10% oxalic acid. Ti, Zr, Bi are 
not precipitated. 

Ca, Ba, Sr, Mg, Zn, etc., and earths do not interfere. 


Neutral solution. As little as 1 mg. Th can be 
precipitated. 

Quantitatively precipitated 10-60 mg. Zr from 50 
ml. solution containing 15 ml. 12 N, HCl. The 
precipitate is ignited to ZrO:. 


Ref. 


14 


18 


20 


to 
N 


23 


24 


25 


26 
26 
26 
26 


27 


28 


29 


30 


31 


32 
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consisted of a silver foil 1.5 X2 cm. bent into a semicircular shape and coated 
on both sides with 0.3 to 0.5 gm. of mercury. Stirring is accomplished by the 
evolution of gases during electrolysis, and spray losses are minimized by use 
of a tall, narrow, cylindrical cell. The anode consisted of a length of 12 gauge 
platinum wire. Solutions containing iron or copper and aluminum, uranium 
or zirconium in 3-5 ml. of 0.5 to 1.0 N H.SO, were electrolyzed to determine the 


TABLE IX 


CONTROLLED POTENTIAL ELECTROLYSIS 











Voltage vs 
Element Sat Calomel Conditions Remarks Ref. 
Electrode 
Antimony —0.3 Sulfate-citrate solution NeH, or NH2:OH used to 48 
50-70°C. prevent anodic oxida- 
tion 
Bismuth —0.2 Sulfate-citrate solution 48 
50-70°C. 
Bismuth —0.4 Tartrate solution 46 
Copper —0.3 Tartrate solution 46 
Copper —0.22, —0.3 HCI solution Isolated anode 47 
Lead —0.5, —0.6 Tartrate solution 46 
Silver —0.24 Ammoniacal solution O2 bubbled through solu- 44 
tion. Copper present 
Tin —0.6, —0.65 Tartrate solution 46 
Tin —0.6 Sulfate-citrate solution N2H, or NH2:OH used to 48 
50-70°C. prevent anodic oxida- 
tion 
Zinc —1.4 Ammoniacal+NH,Cl 20 to 40 min. 45 





cathode efficiency. In all cases the iron or copper was plated quantitatively 
while at least 98 per cent of the foreign ions remained in solution. 

Bock & Hockstein (51) have made a detailed investigation of the depo- 
sition of about 20 different elements into a mercury cathode. The anode 
consisted of 0.08 mm. platinum wire wound into a flat spiral of 30 mm. di- 
ameter, and the mercury cathode had a surface area of 50 cm.? All the elec- 
trolyses were carried out at room temperature. Their results are summarized 
in Table X. Chemla & Pauly (52) have employed electrodeposition into a 
mercury cathode to separate Na™ carrier-free from a magnesium target. 
They used a plating cell of unique design which permitted the continual 
stripping of the sodium, from the mercury cathode, as it was deposited. The 
electrolysis was carried out at an applied potential of 24 volts and a current 
of 130 milliamperes. A yield of 95 per cent was obtained in 10 hr. The cell 
construction is shown in Figure 3. 
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TABLE X 
ELECTRODEPOSITION INTO MERCURY CATHODE 











Initial Time Per cent 
Element Amount (gm.) N H:SO, Goud remaining* in 
(volume 150 ml.) aqueous phase 
Arsenic 1.0 0.1 1.5 0.3 
Antimony 0.1 1.5 1.3 5.5 
Bismuth i 0.5 1.5 0.003 
Cadmium 1.0 0.1 1.5 0.01 
Chromium 
Crill 1. 0.1 1.5 0.06 (Cr) 
Cr,07 1.0 0.5 1.5 0.005 (Cr¥!) 
19.6 (Crm!) 
Cobalt 1.0 0.1 1.5 0.04 
Copper 1.0 0.1 1.5 0.001 
Gallium 0.1 0.05 1.5 0.6 
Germanium 0.1 0.1 1.5 47.9 
Indium 1.0 0.1 1.5 0.008 
Iron 1.0 0.1 1.5 0.002 
Manganese ft 0.5 0.1 1.5 0.06 (Mn¥#) 
1.5 (Mn") 
Molybdenum 0.1 0.1 1.5 0.35 
Nickel 1.0 0.1 1.5 0.04 
Rhenium 0.1 0.1 1.5 55.9 
Selenium 1.0 0.1 1.5 0.3 
Tellurium 0.1 0.1 0.25 3.3 
Thallium 1.0 0.1 1.5 0.01 
Tin 1.0 1.5 1.5 0.2 
Zinc 1.0 0.1 1.5 0.02 





*In general, plating from more dilute acid solution and for somewhat longer 
times increased the amount deposited. 
+ Approximately 0.5 per cent of the manganese appeared on the anode as MnOsx. 


SOLVENT EXTRACTION 


In the last few years, considerable emphasis has been placed on the ap- 
plication of new solvents to solvent extraction separations (See Table XI) 
and on the development of extraction apparatus. The 8-diketones and the 
butyl phosphates appear to have widespread use as extracting media. 

The use of solvent extraction for rare-earth separations has also been 
investigated. Fischer and his co-workers (53) have studied the extraction of 
the various rare earths from a concentrated LiNOs, rare-earth nitrate aque- 
ous solution into both diethyl ether and pentanone. The separations obtained 
are comparable with those from fractional crystallization methods but the 
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over-all distribution coefficient, (RE)org./(RE)aq. is quite small (~10-), 
Similar separation factors for rare earths have been obtained by Spedding 
(54) at Iowa State College using tributylphosphate as the extraction medium. 
Although the present rare-earth-extraction procedures do not appear to be 
useful for radiochemical separations, they may be of interest for obtaining 
pure rare earths for target materials and are, therefore, included in Table 
XII. 
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Fic. 3. Electrolysis cell for carrier-free separation of Na™. 





























The use of fused salts for removal of fission products from molten U-Bi 
alloys has been the subject of recent study. Bareis, Wiswall & Winsche (76) 
have used a KCI—LiCI eutectic at 450°C. as an extraction medium. They 
have obtained distribution coefficients of the order of 10 for various rare 
earth tracers. 


VOLATILIZATION DISTILLATION 


Volatilization has been applied extensively to radioactive materials as 
a means of separation. One of the advantages of volatility separations is the 
great reduction in the bulk of material that can be obtained when the de- 
sired activity is not isotopic with the target material; in fact, in many cases 
it is possible to obtain “‘carrier-free” products. 

Volatilization separations for ‘‘carrier-free’”’ materials are carried out, in 
general, in essentially the same manner as for macro amounts of material. 
However, to increase the speed of separation and the yield of “‘carrier-free”’ 
substances, inert-gas sweeping is often employed. For example, Davis (77) 
has separated approximately 10° atoms of 35-day A*’ from 3900 liters (ap- 
proximately 3X10*8 molecules) of CCl, by sweeping the CCl, with 4000 
liters of helium and then removing the argon from the helium with a charcoal 
trap. 
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Another useful property of volatilization methods is the possibility for 
very rapid separations. By means of a ‘“‘flash-distillation,’’ Campbell (78) 
was able to isolate an 0.33 second state of Ge™ from a solution of its parent 
As®™, Similarly, Spiess (79) has volatilized astatine from a mixture of astatine 
and polonium on a platinum ribbon. The separation required less than 0.5 
sec. As much as 10 gm. of bismuth has been separated from 10 mg. of uranium 











Fic. 4. Gray-wedge analysis of Ba"'-Cs'! separation, 








—e a 42e0C«<“C UC OS ee 





OIL A OR OBUL IOBIYXI JOU OP SazeUO I L[AIIV (PN PUe loin (3H ‘WW *)OD *s ed snoueA JO} sainpacoid uoljeiedas sjsesFns Osye pue syuswoya 
2504} JO YOva 10j FFA JO UOTPOUNY & SE SJUBIOYJOOD UOTQIVIAXD SOAIB (GAS) YRQUI9IS “O) PUR “AD “A “AZ ‘UT UP “PD “TV ‘oy ‘9g “UZ ‘ND syoeRIIxe aUOJOE|AJIOY f 
ayeydsoyd [Aynqg-u-ouow % 8] 








ayeydsoyd [Aynqip-w 947g :seM ainzxiu azeydsoyd [Ayng 4 
aseyd snoanbe uy se Azyejoul aules Jo ‘aseq 40 ‘plow [BIOUIU YIM “BUIXIU aiOjaq ‘pazeiqyinba aseyd snoanbeuoy x 




















19 097Z auezueq IOH WII APD wniueusas 
IUO IVR] AOR 
9s 8Z UL (QJBUOJSLIAJIOR) BY PYOSOOO’ 8 t—e'¢ Hd (9}BUOJVR]AJIOB) e+ 
09 0Z oyeydsoyd [Aynqiy IOH WI me 
09 OOLI ayeydsoyd jAynquy IOH We mie) winiyyes 
*Ajournbip 
‘ng jo sjunouwe wes “77 pue JOH-HO*HN 
, 6§ -O1OIUI JOP AAR WUeENdD,, UOeIIXY — joyooye [Aue-u S$°l-b'b Hd pO 
4 42U0DILIAY 
Y, 9s t aes o*2 908 UL (QJBUOJORTAJVB) ND JV FOO’ O 00°9 Hd = (a}BuoJdeTAQVOR) ND jaddoy 
N 9S urd 0} reps Ajqeqoid *f vag ,2U0JDP]AJDBV L°0- Hd m2 
= *9JA[CUWIOD aq [[IA\ UOTZDR1}XO BIO JOG 
_ Sux ‘uy yf Ssezmbes uonnypos sno OIVH %S ‘TH OOT Ul youd 
= 8S -anby ‘payeiedas yeqoo varj-s9LUIeD os~ auezueq  deu--oso1}1U-7 “WS ¢$7'CO 1°09 eqoy 
a 9S ft 90S OL ,9U0VIP[AJIOV 9°¢ Hd ate) 
; 9¢ ft aas ol ,IU0JORIAJVOV ¢°O- Hd mo winiuolys 
Zz 9S ¢ aas 6l 42U0JDIP]A}IOe °9q We-OIX €~IS'1 Hd Wed 
oa j}9e17x9 JOU Op 
n ss rl Pee pa 1I~ ($31) OHO UW ple s444nq WLC BN ‘2°6-£°6 Hd ned 
a WORIZXS Os[e 
a AS lV PUe | I~ ($:1~) OHO UF ple sAynq L°6-€°6 Hd red wnt [Aiog 
42U0IPTAJVOR 
9S fxs 1£0°0 ul (azyeuoJOR[AJoOR) [Y WSI0'O -~A W890'°0 ‘8° HG = (ayeuoOJaoRTAJQOR) [VY 
WS10°0 
9¢ tx 6~ 42U0JIP[AVBR rlV 7b t Hd rmlV 
JOBIZXI OSTE WS10'0 
gs med Pee ppp 6~ ($:1~) IOHD UF ple o44nq milV ‘0°OI-L°6 Hd lV WnUIWnTy 
(by) aseyg snoanbeuon eseyg snoanby WOW 
‘PY SYIVUIDY /(‘beuon) - - - _ yeormey sy quoUWlaly 
"yR0d “IsIqg (BUIXIU 910Joq) WaysAg JWUdAIO; aqeqoig 








NOILOVYLXY LNAHA'IOS Ad NOILVAVdAS 


IX ATAVL 






285 


RADIOCHEMICAL SEPARATION TECHNIQUES 














zw t *IOHO U} eurxo WTO L's Hd ors wnyeures 
v9 ssz seulpiAd ~0?u W8"€ ‘HORN WH 'O?Pa winyjueqYy 
800°O 0} SJ peonpa ‘aze7exo 
€L 88 “J2UIeD GN “Bul OT JO sous 666 #]oulqres]Adoidosip 1OH W9 aed 
€L LL auafAx UL VILL Ws'0 10H W9 wd 
€L 61 ausjAx OF suIWEA}OIpPjAYour %¢ 10H W9 aed wnyruy2e3;01g 
‘OS'H Wt 
€2 sS~ #lOulqiesjAyngosiip = ‘*(HOOD) WS0'0‘IDH W9 AIN 
£2 LVi~ #lOulqres[Ayngosiip = *(HOOD) WS0'0 ‘INH W9 AUN 
*MO] aINpsooid ut 
89 GN JO PIPt [e124 “poyiode: Y ON - auajAx Uy surWE]ARD0IP [AY}aUL IOH W8 AIN 
49 £00°0 IDHO Ut aurureAzuequ} %8 1IOH WZ AAIN 
19 0061 = *Ly/AN YY 9°CL OHO Uf suywelAzueqis} %O1 1IOH ATT AIN 
99 T€0°0 4200704 |Adosdosiip 4H Wt'0"OIDH W9'F AIN 
99 zt°o 42U03aq [Adosdostip 4H Wt'0"OS'H WS't AUN 
99 08s= INy/*Ly £400°0 42U039y¥ [AdosdosIp 4H Wt'0 “ONH W6'E AUN 
99 L¥0°0 #20030q [Adoidosiip 4H Wv'0'‘IDH WL*E AUN 
s9 doudIHIWIeLON 0°6 #2U032y [AdosdosIp IDH WI AIAN 
queyye [Aynq-u 
£9 QN 994}-TeHIB) 61< uy sazeydsoyd [Aynq pax Wy9'O ‘ONH AI AUN wnIqoIN 
+9 0008 «eulpiAd ~OUN WS ‘HORN Nb "OU seuesueyy 
z9 if "IOHO UF eurxo PYT'O $9 Hd wel 3 whueyqjyueyT 
PeLI}xe Ose 
ss urd Pee lV 6~ (S:1-~) NOHO UF pre a243nq $°OI—O1 Hd nua 
mPa WSz0°o 
9s ¢ 295 ooI< #207208 [ 43998 ‘O'b<—-6l'T HE uP uol] 
42U0yaI"]AJa0N 
9s ¢ a2g 00T< Uy (e3BU0JVOR[AJaIe UT) W9PO0'O €h SBE HA (@}yeUOJaOR[AJION) UT 
Jayje [Aynq-u 
£9 UT 99FjJ-IOLITB) 61< uy azyeydsoyd ,Aynq paximt WoO ‘O'H _%E “*ONH AT wu"! 
£9 Ul] 99r§-JIIIVD 61< sazeydsoyd {jA3nq pexiu W90"O ‘O'H _ %E *ONH WT mI twnipuy 
Hd jars 
Z9 -FIP FS JUSPYJe0D UO! NQIASIpP Ise] T SIOHOS Ul euro Wt'o et Hd ABH urnruje yy 
(‘by) sseyg snosnbeuonN aseyg snoanby uliog 
‘Pa syIVUlay /(‘beuon) yeoyureaqD qasuls|F 
*He0d “wsIq (ZurxXTUl aJOjaq) ula3sAS UeA[OS aWqeq01g 





(panu1juo?)—1X ATAVL 





g 
2 
= 
Q 
Zz 
< 
Z. 
& 
n 
z 
oa) 





t a5 
A 2lj-raiuesy 


ft a5 


‘das (AN) we4L 2auj-satseD 


*poid 
UOIssy Pex]U WOIY I] so1j-1aLLIeD 


088= INy/*Ly 


0061 = “Ly7/AN 


8£0°0 


@2U0JDOE[AIOe 

ul (a}eUuOJIDR[AJINB) IZ PW100'O 
Jay}e [Aynq-u 

ul fayeydsoyd [Ajnq pexiw Wwo0'o 
Jayje [Aynq-4 

uy fayeydsoyd [43nq pexiur 7y90"O 


4200}20e] A208 
Jayye [Aynq-u 
ur fayeydsoyd [Aynq pexiur Pyo’oO 


#2U0}Q0eLTAJI0B 
‘IOHO BU eurxo WTO 


ouazuaq UI YLL Ws’ 


euezueq Ul VILL WS'0 
suezueq Ul VILL WS'0 
suezueq Ul VILL WS'0 
auazueq Ul YLL 

"IOHOD U! eurxo WI'O 
4ayye [ANngG-4 %os 
azyeydsoyd jAjnq-u %0Z 
Jayye [Aynq-% %08 
azeydsoyd jAynqg-u %0z 


‘IOHD 


youtrprAd 

42U0jJy [Adoidosiip 

42Uu0jey [Adoidostp 

42uo0yey [Adoidosiip 

42u0jay [Adoidosip 

‘IDHO U suyureyAzuaqiyy %g 
‘IDHO U! surureyAzuaquy %O1 


O'r—b'7 HA 
‘O'H %EF “ONH WI 


‘o'H %f *ONH WI 
UZ Wr0lxX fw 
‘8°9—8'S Hd 


‘O'H %E “ONH WI 
61° b—t1'z7 Hd 
‘HOA W610'0 
97 Hd 
"OS 
Wit'0 ‘00°7=7 ‘e"1 HG 
4H 
WO'O! ‘00°7=7 ‘e'1 HA 
-4 WS'0‘00°7=7'¢"1 Hd 
00°7=7'¢e" 1 Hd 
te Hd 
AIL W9°0 
*(ON)®D WE “ONH WE 
AVAL WE'O 
*8(ON)®D WE “ONH WE 


4SV Ausydesja3 We_OlI~ 
~O?°L Ws-01X t~ 
‘HO®N Wt 

4H Wt'0"OIDH W9°F 
4H Wt'0“OS'H WS'? 
4H Wt'0 “ONH W6'¢ 
4H Wt'0‘IDH WL'*E 
1OH WZ 

TOH WIT 


101Z 
(ayeuojza0e[Aj}90e) 17 
WINTUOIIIZ 
outIZ 
wntI}34 


uinipeue, 


wines 


wino0Yy y 


winijqeuyoa |, 


wnyewey 





syIeUulsy 


(by) 
/(beuon) 
*He0D “sid 


aseyg snoanbeuon 


sseyg snoonby 





(3urxXIu V10Jaq) UIa}SAS JUSATOS 


wWLIOg 
jeorusay) 
aqeqoig 


quaUle[y 





(panuruo?)—IX ATAVL 





RADIOCHEMICAL SEPARATION TECHNIQUES 
TABLE XII 


RARE EARTH SEPARATION BY SOLVENT EXTRACTION 








Solvent System (before mixing) Separation* 





, Ref. 
Elements Separation af 


Aqueous Phase Compared _ Factort 


Nonaqueous Phase 





200 gm. RE/liter 
200 gm. RE/liter 
200 gm. RE/liter 
200 gm. RE/liter 
400 gm. RE/liter 
400 gm. RE/liter 
400 gm. RE/liter 
400 gm. RE/liter 
500 gm. RE/liter 
RE Nitratest 

Re Nitrates 

Re Nitrates 

Re Nitrates 

Re Nitrates 

RE Nitrates 

RE Nitrates 

RE Nitrates 

RE Nitrates 


Tributyl Phosphate Nd/Pr 12.5 
Tributyl Phosphate Sm/Nd 15 
Tributyl Phosphate Gd/Sm 11 
Tributyl Phosphate Ce/La 14 
Tributyl Phosphate Nd/Pr 14 
Tributyl Phosphate Sm/Nd 18 
Tributyl Phosphate Gd/Sm 13 
Tributyl Phosphate Ce/La 15 
Tributyl Phosphate Pr/Ce 15 
Diethyl Ether Pr/La 2. 
Diethyl Ether Nd/La 3. 
Diethyl Ether Sm/La 8. 
Diethyl Ether Em/La 10. 
Diethyl Ether Gd/La 14. 
Diethyl Ether Tb/La 19. 
Diethyl Ether Dy/La 28. 
Diethyl Ether En/La 32. 
Diethyl Ether Yb/La 


nn 
o 


RE Nitrates 
RE Nitrates 
RE Nitrates 
RE Nitrates 
RE Nitrates 
RE Nitrates 
RE Nitrates 
RE Nitrates 
RE Nitrates 
RE Nitrates 
RE Nitrates 


Pentanone 
Pentanone 
Pentanone 
Pentanone 
Pentanone 
Pentanone 
Pentanone 
Pentanone 
Pentanone 
Pentanone 
Pentanone 


Ce/La 
Pr/La 
Nd/La 
Sm/La 
Gd/La 
Dy/La 
Ho/La 
Er/La 
Tm/La 
Yb/La 
Lu/La 


ANNAN N SS WF WwW WwW bY 





* Extraction coefficient for (total RE)org./(total RE)aq. approximate 107%. 
t Separation Factor refers to nonaqueous phase. 
t RE Nitrates are dissolved in ~20% LiNOs solution. 


by vacuum distillation of the bismuth at 800°C. The separation required 
less than 1 hr. and greater than 99.99 per cent of the Bi was volatilized (80). 


CHROMATOGRAPHY—ION EXCHANGE 


A complete review of inorganic chromatography which includes the ap- 
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plications of paper chromatography has been published by Wells (81), and 
another review article by Weil (82) deals exclusively with paper chroma- 
tography. The specific separations which have been reported in the recent 
literature are summarized in Tables XIII and XIV. 

TABLE XIV 


PAPER-CHROMATOGRAPHIC SEPARATIONS 








Elements Chemical Solution 
+ 
Separated State Developer R¢ Remarks 





-61 
.92 
98 
40 
72 
54 
62 


15 
31 
84 
64 
-80 
-98 


83 
68 
82 


(Cobalt 
Copper 
Nickel 
Lead 
Mercury 
Silver 
(Bismuth 


Copper 
Lead 





Mercury 

Arsenic 

Antimony 

Tin 

Arsenic 80 ml. EtOH, 20 ml, H:O, 
5 gm. CCI,COOH, 0.3 

Phosphorus ml. 14N NH,OH 


20 ml. isobutyl alcohol, 
Phosphorus 39 ml. H,O, 1 ml. 14N 
NH.OH 


cosoee sesso sescecso soesecse 


Molybdenum dil HCl m-butanol saturated with Mo separated from Co, 
2N HNO; and 2N HCl Cr, Cu, Fe, Mn, Ni, U 
and V 


m 40 ml. isopropyl alcohol 


Copper dil HNO, n-butanol saturated with 99 
Fet++ 0.5N HNO; and 2% 99 

benzoy] acetone 
Nat chloride 80% E+OH, 20% H:0 10 to 20 hr. 100 
Magnesium Mgtt 100 
Iron Fet** chloride 20 ml. butanol, 10 ml. Fe travels with liquid 100 
Rhodium Rh*tt 12N HCl front 100 


Palladium Pdt* HNO-HCI butanol equilibrated with 100 
Rhodium Rhtt++ 1N HCl 100 


Cobalt Cot*+* chloride 5% HCl 5% H:O in ace- 100 
Iron Fett+ tone 100 


Copper Cut+ chloride butanol equilibrated with Approximately 20 hr. 100 
Zinc Zntt 1N HCI 100 


Protactinium PaY dil HNO; 20% 16N HNO; in ether 100 
Uranium uo;*++ 100 





* Ry is the ratio of the distance traveled by the ion to the distance traveled by the solvent front. 

















292 FINSTON AND MISKEL 
TABLE XV 
SUMMARY OF SEPARATION PROCEDURES 
Element Tables Element Tables 
Aluminum __ II, XI, XII Neptunium XIII 
Americium XIII Nickel 1 ty, Vv, x, XIV 
Antimony Tihs. Vy Lees. Niobium XI 
Argon ° Palladium XIII, XIV 
Arsenic III, X, XIV Phosphorus’ VIII, XIII, XIV 
Astatine a Platinum VII, XIII 
Barium I, V, Vil Polonium ss 
Beryllium XI Potassium VII, XIII 
Bismuth * III, 1V, V, 1X, X, XIV Protactinium XI, XIV 
Cadmium I, II, IV, V, VII, X, XIII Rare Earths XI, XII, XIII 
Calcium .v Radium XIII 
Cesium VII, VIII Rhenium Pics Te 
Chromium _I, V, X, XI Rhodium XIII, XIV 
Cobalt I, IV, V, X, XI, XII, XIV Rubidium VII 
Copper I, II, II, 1V, V, VI, VII, Selenium III, X 
IX, X, XI, XIV Silver iv; V, Vist, IX, XIV 
Curium XII Sodium XIII, XIV 
Gallium pe | Strontium I, V, VIII 
Germanium *, III, VII, X, XI Tantalum XI 
Hafnium XI, XIII Technetium XI, XIII 
Indium X, XI Tellurium xX 
Iridium XIII Tallium IV, X 
Iron II, IV, V, X, XI, XIII, Thorium V, VII, XI 
XIV Tin III, IV, V, IX, X 
Lanthanum XI, XII Uranium * it, Al, AE, wey 
Lead L, i, TV, V, 1%, ATV Vanadium II, XI 
Magnesium I Wolfram II 
Manganese V, X, XI, XIV Yttrium XI, XIII 
Mercury III, IV, V, VI, VII, XIV Zinc I, IV, V, IX, X, XI, XIV 
Zirconium VII, VIII, XI, XIII 


Molybdenum II, X, XIV 





* See discussion of volatilization. 


INSTRUMENTAL ANALYSIS 


The recent advances in the design of spectrometers for a-, B-, and y-radia- 
tions have made practical the routine use of these instruments as analytical 
tools for radiochemistry. Their use enables, in many cases, the course of a 
separation to be monitored for a specific isotope or element without resort to 
ordinary analytical chemical methods, and, indeed, the analysis is often far 
more sensitive than the chemical analytical method. Alpha pulse height 
analysis, for example, is used extensively in the laboratories at Hanford and 
Berkeley both as a means of identification and of quantitative analysis. 
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Connally & Leboeuf (101) and Salmon (102) have described the general 
principles of B- and y-scintillation spectrometry and the applications of these 
techniques to radiochemical analysis. 

The “Grey-wedge”’ pulse height analyzer, developed by Bernstein, Chase 
& Schardt (103, 104) is most convenient for making routine use of B- and y- 
radiations for analysis. This device utilizes a photographic method for re- 
cording the spectral data and is equivalent in performance to a 50-channel 
electronic analyzer. The y-spectra obtained in the course of the separation 
of carrier-free Cs'*! from a Ba-Cs mixture is reproduced in Figure 4. Picture 
A was made with the irradiated BaCOs sample before the start of separation; 
picture B was taken after two cycles of a Ba-Cs separation procedure; and 
picture C is of the final separated Cs"! source. There is no evidence of barium 
y-radiation in C. 
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THE FUNDAMENTALS OF RADIOAUTOGRAPHY' 


By WILLIAM P. Norris AND Lois A. WooDRUFF 


Division of Biological and Medical Research, Argonne National 
Laboratory, Lemont, Illinois 


INTRODUCTION 


A photographic emulsion, using essentially the radioautographic tech- 
nique, enabled Becquerel (1) to discover the radioactivity of uranium in 1896. 
A further impetus to the use of photographic emulsions came in 1911 when 
Reinganum (2) found that the path of an a-particle was recorded as a row of 
developed silver grains. Since that time a large quantity of literature describ- 
ing the effects of ionizing particles on emulsions has accumulated in the field 
of nuclear physics. Today, this work has resulted in the development of 
sensitive emulsions especially designed to respond to ionizing particles and 
many of the details of the response mechanism have been explained. The early 
work in this field was reviewed by Shapiro (3). More recently pertinent re- 
views have been written by Webb (4), Yagoda (5), Beiser (6), and Gold- 
schmidt-Clermont (7). 

As a wide variety of artificially radioactive isotopes have been available 
for experimentation during the last eight years, there has been rapid progress 
in the development of techniques for radioautography. This effort has been 
concentrated toward applications in biological sciences; however, there has 
been considerable interest in other areas—notably, mineralogy and metal- 
lurgy. Limitations of this review make it impracticable to mention all the 
recent papers dealing with applications of the method. The authors have 
attempted to restrict discussion to those aspects of fundamental importance 
in the successful utilization of the radioautographic technique. 


GENERAL ASPECTS OF RADIOAUTOGRAPHY 


Radioautography is a technique whereby an ionization-sensitive emulsion 
is placed in intimate contact with a specimen in order to determine the loca- 
tion of its radioactive components. The basis of the technique is extraor- 
dinarily simple. Inspection of Figure 1, using only geometrical considera- 
tions, shows that the degree to which the image corresponds to the radio- 
active inclusion depends, in varying amount, on all the following: (a) speci- 
men thickness, (6) emulsion thickness, (c) width of the separating gap, and 
(d) range of the ionizing particle. So long as the ionizing particle has a finite 
range in the emulsion, it is evident that the size of the image will always ex- 
ceed that of the original. The planning and interpretationof a radioautographic 
study must also take into account the other properties of the incident ionizing 


1 Work performed under the auspices of the U. S. Atomic Energy Commission. 
The survey of literature pertaining to this review was completed in December, 1954. 
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radiations, the characteristics of the emulsion, and the overall influence 
exerted by experimental conditions. 

It is possible to divide radioautographs into two categories: (a) contrast 
and (b) high-resolution. In contrast radioautography the emulsion densities 
become high enough to allow densitometric measurements. Where the speci- 
men is thicker than the range of the ionizing particles, the measured densities 
bear a direct relationship to the total radiation dosage at the specimen sur- 
face (8). Since no attempt at high resolution is ordinarily made in contrast 
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Fic. 1. Illustration of geometric relationships in radioautography. 


radioautography, coarse grained, fast emulsions (such as No-screen x-ray 
film) are often used. 

High-resolution radioautography may be subdivided depending on 
whether it is desired to view (a) the tracks of individual particles or (b) the 
distribution of silver grains. This choice is limited to B-emitters, since a- 
particles will inevitably produce a track in any of the usable emulsions. 
Ordinarily it is undesirable to expose the emulsion to the point where densi- 
tometry or unaided visual examination is possible, since unnecessarily high 
grain densities tend to obscure tracks or to make grain counting difficult. 
In high-resolution radioautography, the superimposed emulsion and speci- 
men are viewed microscopically and it is evident that distortion of either is 
to be avoided. Representatives examples of these radioautographic types are 
shown in Figures 2 to 5. 


EMULSIONS FOR RADIOAUTOGRAPHY 


Emulsions are dispersions of small silver halide (silver bromide) crystals 
in gelatin. Their response characteristics vary with (a) silver bromide concen- 
tration, (b) size of the silver bromide grains, and (c) variations in compound- 
ing procedures and the presence or absence of trace amounts of reagents 
which may function as sensitizers or desensitizers. Being the most dense 
component, the silver bromide content exerts the major influence on the path 
length, or range, of an ionizing particle in the emulsion. In a given emulsion 
type, sensitivity varies directly with grain size (6). Unfortunately, the details 
of methods of sensitization used by emulsion manufacturers are not avail- 
able. Some insight into the subject of emulsion sensitization can be gained 
from the discussions of Mees (13, Chap. 11, 12) and Yagoda (5, Chap. 4). 
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Fic. 3. High-resolution radioautograph showing the distribution of developed 


grains about a linear deposit of Ca*® in rat femur. Eastman Kodak Permeable Base 
Stripping Film. (1832) [Courtesy Arnold & Jee (10).] 
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Fic. 4. Beta-track radioautograph of Paramecium caudatum containing P* and 


embedded in Iford G-5 liquid emulsion. The present authors estimate the magnifica- 
tion at approximately 450 X. [Courtesy King, Harris & Tkaczyk (11).] 
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Several physicists have made their own emulsions. The descriptions of the 
processes used serve to illustrate the relatively minor departures in technique 
which may influence emulsion sensitivity (14). 

Nuclear and x-ray type emulsions have usually been used in radioautog- 


raphy. The x-ray emulsions which have been utilized have larger grains 


and are appreciably faster. 

Nuclear emulsions are characterized by their high content of silver bro- 
mide and small grain size—factors which enhance their usefulness in high- 
resolution radioautography. They are manufactured in the United States 
by the Eastman Kodak Company, and in England by Kodak Limited and 
by Ilford Limited. The essential chemical composition and physical char- 
acteristics of nuclear emulsions, quite regardless of type or manufacturer, 
are very similar (Tables I and IT). 

Nuclear and x-ray emulsions for radioautography may be obtained in 
various forms: mounted on glass plates, or on cellulose acetate sheets or rolls; 
as emulsions which may be stripped from these supports; or in gel form 
which, when melted at about 40°C., may be applied directly to the specimen 
surface. If desired, emulsions may be obtained with a thin coating of gelatin 
which protects against scratches and abrasions. The manufacturers may, 
when practicable, modify the form in which these emulsions are supplied. 


Fic. 5. Alpha track radioautograph showing Pu®® in a rabbit femur. Eastman 
Kodak Permeable Base Stripping Film (X 160). [Woodruff & Norris (12).} 
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The water content of emulsions varies with the relative humidity as shown 
in Table ITI. 


PHYSICAL PRINCIPLES 


MECHANISM OF EMULSION RESPONSE 


The theory of the mechanism by which a grain of silver bromide is ren- 
dered developable was first expounded by Gurney & Mott (15), and later 
modified by Mitchell (16, 17, 18). According to the Gurney-Mott theory, 
a process which results in the dissipation of energy within the emulsion may 


TABLE I 


EMULSIONS FOR RADIOAUTOGRAPHY 








Emulsion* Mean Sensitivityt 
Form as usually és AgBr (Max. £6 
ss thickness : 
supplied grain energy 
* diam. » in Mev) 


Mfg. Safe Light 





Eastman 
Kodak Co. on 0.06" Glass base 10,25 0.25 0.009 Wratten Series 0 
on 0.06” Glass base 10, 25 
Stripping emulsion with 10 » 
cellulose ester impermeable 
base 
NTB2 on 0.06" Glass base , 0.2 Total darkness { 
NTB3 on 0.06" Glass base : All Total darknesst 
Autoradiographic permeable base (5x) 
stripping film : 0.015 Wratten Series 2 
Type A] Autoradiographic plate on 
.06” glass base or as Indus- 
trial x-ray film 
No-Screen] x-ray film or autoradio- 
graphic plate on 0.06’ glass 
base 
Type K Industrial x-ray film 


-025 Wratten Series 2 


V.1001 x-ray stripping emulsion 
with 10u gelatin base on 
glass plates P Wratten 6B or 
Series 1 
Autoradiographic stripping emulsion with 
10 gelatin base—on glass plate x ~0.1 Wratten Series 1 
C2 ) In gel form or on .0S” glass) \ -03 Ilford “S" #902 
.07 Ilford “S” #902 
None Ilford “S"* $902 
All Ilford “S"’ $902 





* In many cases, thicker emulsions are available. Thicknesses in excess of 25u are not listed because 
of their limited usefulness in radioautography. 

+ Sensitivity is defined in terms of the maximum §-particle energy which produces a recognizable 
track in the emulsion. 

t These emulsions may be somewhat less satisfactorily used with a Wratten Series 2 filter and a 
15 watt bulb at distances of 4 ft. or more. 

§ Types NT-1a, NT-2a and NT4 are no longer available. 

| The autoradiographic plate is similar to, but not identical with, the x-ray film both in sensitivity 
level and in emulsion composition. 
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TABLE II 


CoMPOSITION OF Dry NucLEAR EMULSIONS USEFUL IN RADIOAUTOGRAPHY* 








East Kodak Co. Kodak, Ltd. Ilfordft 





gm/cm? 





1.70 1.97 
1.22 1.44 
0.054 0.036 
0.34 0.27 
0.043 0.038 
0.17 0.16 


0.11 0.080 


ooo coco cor Wf} 





* Dried to constant weight at 110°C. 
+ For Type GS, Br =1.496, I=0.026. 


raise the energy states of some electrons of the bromine atoms to vacant 
states in the conductance bands of the crystals. These electrons migrate 
rapidly, at a rate which is nearly temperature-independent, to “sensitivity 
specks,” presumably sites of impurities or imperfections in the crystal, where 
they are held, rendering the site negatively charged. Positively charged silver 


ions then migrate in to neutralize the charge and produce an atom of reduced 


” 


silver. The process repeats until a ‘‘latent image,” an aggregate of several 
reduced silver atoms, is formed at the sensitivity speck. The latent image 
provides the catalytic stimulus which allows the grain containing it to be 
developed. 

The process of latent image formation is accompanied by the liberation of 


TABLE III 


MolstTuRE CONTENT OF NUCLEAR EMULSIONS USEFUL IN RADIOAUTOGRAPHY 
UNDER VARIOUS HumipDITY CONDITIONS 








Relative Eastman Kodak Ilford 

humidity Kodak Limited Limited 
in 

per cent per cent weight 








0 
30 
50 
60 
70 
85 
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bromine from the crystal. Under conditions of high intensity exposure, the 
local concentrations of this oxidizing agent may reach the point at which the 
latent image is destroyed. This mechanism of reversal is called solarization 
(13, Chap. 7). 

The primary process of latent image formation is considered to be revers- 
ible. Webb (19) and Beiser (20) proposed that this reversibility results from 
the thermal ejection of electrons followed by loss of the newly-formed silver 
ion. When the number of silver atoms at the sensitivity speck is small the 
deposit is quite unstable and has been called an ‘‘unstable subimage.”’ 
Hoerlin & Hamm (21) estimated the mean lifetime of these subimages to be 
approximately ten seconds. 

The passage of an ionizing particle through a silver bromide grain, re- 
quiring in the neighborhood of only 10~ sec., is the equivalent of a high 
intensity exposure when its specific energy loss is high. In this case, all the 
sensitivity specks may become negatively charged and electrons will be re- 
pelled because of electrostatic forces. The neutralization of the negatively 
charged sensitivity speck is a relatively slow process, since it depends upon 
the rate of diffusion of silver ions in the crystal. Thus, otherwise available 
electrons may be lost and the efficiency of energy utilization reduced. The 
influence of specific energy loss on the nature of the latent image produced 
has been beautifully demonstrated by Hoerlin & Hamm (21). Under high 
intensity exposures, such as the traversal of a grain by an a-particle, the 
latent images in a single grain were small and numerous. As the specific 
energy loss diminished, the latent image centers became fewer and larger. 

Although direct analytical evidence is not available to demonstrate it, 
there is little doubt that the latent image consists of metallic silver (13, 
Chap. 4). As in physical development, the silver bromide may be removed 
from an emulsion without removing the latent image. Further, the chemis- 
try of the latent image is essentially that of free silver (22, Chap. 3). 


SPECIFIC ENERGY Loss 


Only charged particles are capable of causing ionization and thus of 
blackening an emulsion. In considerations of emulsion response in radio- 
autography, only a- and B-particles are of interest.2 Gamma- and x-radiations 
exert their effects on emulsions indirectly by means of secondary f-particles 
produced when the primary photons undergo photoelectric absorption or 
Compton scattering. Because of the long distances which photons may travel 
before undergoing absorption, they produce inferior radioautographs and 
their probability of registering in the emulsion is low. 

When an energetic particle traverses matter it loses energy, most of which 


* Exceptions may occur where the specimen is bombarded with particles which 
cause nuclear reactions. For example, Mayr, et al., (23) used the alpha tracks pro- 
duced by neutron bombardment of boron, [B"(n, a)Li*], for the radioautographic de- 
tection of small quantities in tissue. 
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goes into production of ions, as a function of the square of its charge, ze, 
its energy which is a function of its velocity, v, the number of atoms of stop- 
ping material per cc., N, the mean atomic number of the stopping material, 
Z, and its mean ionization potential, J (24). Smith (25) and Webb (4) used 
the following equation to calculate the average energy loss per unit distance, 
—dE/dx (in Mev./cm.), as a function of particle energy 

~éijite« See \2 [1s (“*) — In (1 — 6%) — e* | -cst 1. 

my? I 

where m is the mass of the electron, 8 =v/c (c is the velocity of light), and 
C, is a correction term applied only when v is approaching the K electron 
velocities of the stopping atoms and is large with respect to those of the other 
orbital electrons. When v is less than about 5 X10® cm./sec. the relativistic 
correction terms involving 8 nearly cancel and may be omitted. The function 
of equation 1 is plotted in Figure 6 to show the rate of energy loss of a- and 
8-particles in a typical nuclear emulsion. This curve illustrates that, as the 
energy of the particle increases, its rate of energy loss decreases to a mini- 
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Fic. 6. Specific energy loss in nuclear emulsions as a function of particle 
energy. [Values taken from Herz (26) and Bogaardt (27).] 
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mum value (minimum ionization) which is then approximately independent 
of particle energy. Alpha particles, being doubly charged, will reach a mini- 
mum ionization value which is four times that of a singly charged particle. 
Thus the most dense ionization occurs near the termination of a particle 
track, and grain density in an emulsion may be expected to be highest at 
this point. 

Particle range and emulsion stopping power.——The range of particles in 
nuclear emulsions is of interest from theoretical and practical aspects of 
radioautography. The theoretical range-energy relationship, referring to 
equation 1, is given by the expression 


ia f ” @E/(dE/dx)) 2. 


Beta particles at minimum ionization travel in an approximately straight 
path, but as the particle loses energy its track becomes progressively more 
tortuous. Cork (28) states that at high energies (above perhaps 0.5 Mev.) the 
range of 8-particles in matter varies almost linearly with energy; while at 
low energies range is more nearly proportional to the square of the energy. 
Direct measurements of the total curved length of path of B-particles in 
nuclear emulsions have been made up to energies of 250 kev. (26, 29, 30, 31). 
Herz (31) determined both the depth of penetration and the curved track 
length of monoenergetic electrons in NT2a emulsion exposed in the electron 
microscope. His results, which were compatible with previously published 
data showed that, between electron energies of 25 to 80 kev., the ratio of 
curved length of track to depth of penetration is 1.4. 

Mees (13, Chap. 8) converted the experimental values of electron ranges 
in aluminum, reported by Glendenin (32), into ranges in nuclear emulsions, 
thereby extending the curve obtained by direct observation (Fig. 7). 

The range of a-particles in nuclear emulsions is known with great accura- 
cy, the extent of disagreement being around 1 to 2 per cent. Steigert et al. 
(33) reported range-energy relationships for a-particles in NTA emulsions 
and compared the experimental results with values calculated using theoreti- 
cal considerations. Their data (Fig. 7) agree closely with other reported 
values (34 to 37). 

Stopping power is defined as the ratio of the particle range in air to the 
particle range in the emulsion. For a given emulsion the numerical value 
assigned to its stopping power is a function of the type of particle and its 
energy. Stopping power has been reported by Lattes, Fowler & Cuer (37), 
for a-particles, to vary from 1500 to 2000 with increasing particle energy. 
For a-particles produced by naturally radioactive elements, the best mean 
value is about 1600, corresponding to an energy of about 5 Mev. 


SENSITIVITY 


The sensitivity of an emulsion has been defined in terms of the lowest 
rate of energy loss which is recognizable as a track. However, as discussed 
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by Webb (4), sensitivity is described more quantitatively by the number of 
ion pairs required to induce developability of a single grain. With a 1 Mev. 
8-particle, which has the minimum rate of energy loss for electrons, sensitiv- 
ity requires that 35 ion pairs/0.3u diameter grain produce a developable 
latent image. Since the amount of energy dissipated per grain is a function 
of the grain diameter, sensitivity will vary according to grain size. 

According to Yamakawa (38), 5.8 ev are required to produce one ion pair 
in silver bromide. Previously Van Heerden (39) obtained a value of 7.6 ev. 
Webb (40) and Hoerlin (41) using different methods, estimated that a mini- 
mum of ten reduced silver atoms per grain is required to induce developabil- 
ity under the best conditions. 
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In sensitive emulsions, with rates of energy loss less than four times the 
minimum value, grain density in the track is directly proportional to the 
rate of energy loss (42). At higher values of specific energy loss, saturation 
effects prohibit the relationship. Della Corte et al. (43, 44, 45) have expressed 
the probability of a grain being rendered developable in terms of the average 
length of gaps between developed grains and the gap length corresponding 
to one grain. 

According to these definitions, emulsions which do not register the paths 
of B-particles above a given energy as recognizable tracks are insensitive 
below the equivalent specific energy loss value. In this case, it is the random 
variations in rate of energy loss and the probability of multiple hits during 
the lifetime of the unstable subimage which render occasional grains develop- 
able. With marginal sensitivity only the terminal portion of the path may 
register as a track, starting from that point where the rate of energy loss 
equals or exceeds the limiting sensitivity of the emulsion. 

Temperature influence on sensitivity—Since the diffusion of silver ions in 
the silver bromide grains is the rate-limiting factor in the response mecha- 
nism, the process is temperature-dependent. Beiser (6) states that most 
nuclear emulsions attain maximum sensitivity at about 20°C. Dollmann 
(46) and Lord (47) have shown that the grain density in proton tracks in 
Ilford C2 emulsions is highest when exposed at about 20°C. Ilford G5 exhib- 
ited maximum grain density at 0°C. (47). Track grain densities were dimin- 
ished at temperatures both higher and lower than the optimum. Beiser (6) 
concluded that the decrease in grain density above the optimum temper- 
ature is caused by the increased rate of thermal ionization of the silver 
atoms of the latent image. Lord (47) found the sensitivity of Ilford G5 
emulsion to be zero at —200°C. Dilworth (48) had previously utilized the 
reduced sensitivity at low temperatures to allow intermittent recording of 
ionizations. The data of these authors show that the number of grains per 
track may be altered by 10 to 20 per cent by changing the temperature from 
0° to 20°C. Thus emulsion sensitivity should be stated in terms of the tem- 
perature of exposure. Specific information does not seem to be available; 
however, it is assumed that values for emulsion sensitivity represent the 
maxima, presumably attained at around 20°C. 


EMULSION RESPONSE 


Speed and sensitivity are terms often used synonymously. However, 
speed is more properly used to denote the rate of increase of optical density 
as a function of total exposure. In emulsions of similar grain size, speed may 
be used as an indication of relative sensitivity. 

The density of an exposed and processed emulsion is defined as the log- 
arithm of the ratio of the intensity of the incident light, Jo, to the transmitted 
light, J. (D=log Io/J.) The normal fog density of unexposed emulsions 
may be expected to range from 0.04 to 0.4 according to Cobb & Solomon (49). 
These authors found a value of 0.06 for NTB nuclear emulsion and 0.2 for 








310 NORRIS AND WOODRUFF 


Eastman No-screen x-ray film. Measurements of background density in- 
clude, in addition to silver grains from fog and stray ionizations, the con- 
tributions of the gelatin and associated supporting material. The conditions 
of storage and processing exert a considerable influence on background den- 
sity. 

Berriman et al. (50) state that a density of 0.5 above background is the 
reasonable upper limit likely to be used in radioautography. Dudley (51) 
published curves relating the number of monoenergetic B-particles required to 
produce a given density in various emulsions to the energy of the incident 
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Fic. 8. Number of 8-particles/cm.’, as a function of particle energy required to 
produce a density of 0.3 above background. Curve I: Eastman Kodak No-Screen 
x-Ray Film, single coated, perpendicular incidence, Curve II: Eastman Kodak No- 
Screen x-Ray Film, single coated, diffuse incidence. Curve III: NTB Stripping Film, 
perpendicular incidence. [Values from Dudley (51).] 


particle. Because of their angular distribution in the emulsion, diffusely in- 
cident particles were more efficient, by approximately a factor of two, than 
those perpendicularly incident when the range of the particles in the emul- 
sion appreciably exceeded its thickness. Typical results obtained by Dudley 
for Eastman No-screen x-ray film and for NTB nuclear emulsion are given 
in Figure 8. At low electron energies, the apparent rise in speed with particle 
energy is caused by the increasing energy dissipated per particle in the 
emulsion. Beyond the point where particle range exceeds emulsion thick- 
ness, the increased number of particles required is the result of the reduction 
in specific energy loss. 

Similar results were reported by Lamerton & Harriss (52) who found 
the ratio of the grain yields (developed grains/incident electron) for diffusely 
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/perpendicularly incident P*® electrons to be 0.8/0.5 or 1.6 in Kodak Limited 
Autoradiographic stripping emulsion. 

The dependence of emulsion response on B-particle energy and the angle 
of particle incidence makes it difficult to give any simple formulation for 
the density produced by a given number of incident particles. Berriman 
et al. (50) found that an exposure to approximately 10° betas/cm.? was re- 
quired to give a density of 0.5 above background in Kodak Limited Auto- 
radiographic plates 4u thick. This value is in substantial agreement with 
Dudley’s results using NTB stripping film. With single-coated Eastman 
No-screen x-ray film, Dudley found that roughly one-twentieth as many 
betas/cm.? were required as with NTB emulsion to produce the same density 
(see Figure 8). Wainwright ef al. (53) using a value of 610° betas/cm? as 
a suitable total exposure, published a nomograph relating specimen counting 
rate and isotope half life to required exposure time. No statement of emul- 
sion type was made, but calculations are presumed to be based on the re- 
sponse of No-screen x-ray film. 

When emulsions are exposed to the action of light, it is well known that 
the relationship between total exposure and emulsion density is not linear. 
This is usually referred to as reciprocity law failure. However, this is not the 
case in exposures to ionizing particles. For some time it has been recognized 
that when emulsions are exposed to x-rays a linear relationship between total 
exposure and emulsion density is obtained. Bell (54, 55), in 1936, demon- 
strated this relationship for both y- and x-radiations over wide ranges of ex- 
posure intensities. Since the effect of these radiations on emulsions is pro- 
duced by secondary electrons, it follows that this same linear relationship 
is to be expected with 8-particles. This must also hold for a-particles where, 
under ordinary conditions, the probability of rendering a grain developable 
is almost one. 

This linear relationship between emulsion blackening and total exposure 
to monoenergetic B-particles has been demonstrated by Dudley (51) to ob- 
tain over a considerable range of particle energies (0.03 to 1.2 Mev.). Similar 
results were obtained by Berriman et al. (50), Cobb & Solomon (49), and 
Lamerton & Harriss (52). The latter obtained their results by counting 
grains and found, using P* (Emax=1.7 Mev.) and S*(Emax =0.167 Mev.), 
that the grain yield (or the density increment per electron) was higher with 
S* electrons—a result in accord with prediction based on the specific energy 
loss of the electrons. 

According to the theory of latent image formation, as discussed earlier, 
it would appear that the slope of the line relating density to exposure should 
be somewhat dependent upon exposure intensity when there exists a fair 
probability of a grain undergoing multiple hits within the mean lifetime of 
the unstable subimage. The authors have found no reference to this subject 
in the literature of radioautography. It is probable that, at the intensities 
usually employed, this is not an important consideration. 

The slope of the curve relating total exposure to emulsion density, under 








312 NORRIS AND WOODRUFF 


otherwise fixed conditions, will vary depending on the rate of latent image 
fading under the conditions of exposure. The factors which influence latent 
image fading will be considered in more detail later. When the rate of latent 
image fading is appreciable, it imposes a limitation on the useful length of 
radioautographic exposure time since an equilibrium condition will be estab- 
lished in which the rate of fading will equal the rate of latent image forma- 
tion. Since fading of the latent image proceeds as an exponential function 
of time (56, 57), the useful length of exposure, for practical purposes, is twice 
the latent image half life. In this case 75 per cent of the maximum equilibrium 
density will have been reached. Andresen et al. (58) encountered such a situa- 
tion in measurements of the grain yield from C™. In their work, the grain 
yield tended to decrease over an exposure period of four days and was at- 
tributed to fading of the latent image. Herz (26) reported 30 per cent fading 
in one week in Kodak Limited Autoradiographic stripping emulsion kept 
under recommended conditions. 


FACTORS WHICH INFLUENCE THE LATENT IMAGE 


The rate of fading of the latent image has been demonstrated to vary 
widely depending on the characteristics of the emulsion (59). Under other- 
wise constant conditions, fading seems to proceed more rapidly with smaller 
latent images (56). Albouy & Faraggi (60) found that fading proceeded 
faster in the region of minimum ionization than in the terminal region of 
high specific ionization. 


EFFECTS OF CHEMICALS 


Chemical reactions in great variety may be possible when an emulsion 
is placed in contact with the specimen. The previous comments concerning 
sensitizing and desensitizing agents for emulsions are of interest here, 
particularly with reference to biological specimens where the chemical 
composition is complex. It is conceivable that the chemicals associated 
with the specimen may alter the sensitivity of the emulsion either locally 
or generally. 

The occurrence of positive and negative artifacts, attributable to direct 
chemical action, has already been established. Positive artifacts are areas 
blackened by chemical or mechanical action. A negative artifact refers to 
the absence of an image attributable to inhibition or reversal of emulsion re- 
sponse by chemical action. Although chemical interferences in radioautog- 
raphy have been recognized more abundantly in connection with the forma- 
tion of positive artifacts, ample evidence is available to indicate that the 
negative artifact presents an equally severe problem. Various authors have 
emphasized the importance of control processes to detect artifacts. Com- 
prehensive information concerning reagents which cause artifacts in radio- 
autography is not available; only a few have been studied and reported in 
any detail. 

Water content of the emulsion—The water content of the emulsion has 
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been demonstrated to affect the rate of latent image fading. Beiser (6) noted 
that the curve of rate of latent image fading as a function of relative humidity 
reported by Albouy & Faraggi (61) is very similar to the curve of absorbed 
water content versus relative humidity reported by Mees (13, Chap. 3). It 
is strongly implied that the rate of fading is an exponential function of the 
moisture content of the emulsion. The observation that emulsion sensitivity 
is reduced at high relative humidities is probably the result of the increased 
rate of fading of the latent image. 

Albouy & Faraggi (61) suggested that fading occurs by the oxidation of 
the silver atoms of the latent image by oxygen in the presence of water 


2Ag + O + H.0 — 2Agt + 20H- 3. 


Consideration of this equation makes evident the fact that fading will pro- 
ceed more rapidly at low pH values and will be repressed under alkaline 
conditions. 

Atmospheric oxygen.—Mather (62) demonstrated that a 90 per cent re- 
duction in the rate of fading of proton tracks in Eastman NTB and Ilford 
C2 emulsions could be achieved by storing the plates under vacuum. Beiser 
(6) suggested that the residual 10 per cent fading in Mather’s experiment 
resulted from thermal agitation of electrons which occasionally results in 
oxidation of atoms of the latent image. Mather found that the rate of fading 
was also increased by increasing humidity and temperature. Beiser (56) has 
shown that under otherwise fixed conditions the rate of fading in air is an 
exponential function of the reciprocal of the absolute temperature. 

Albouy & Faraggi (61) showed conclusively that oxygen is responsible 
for much of the fading produced by storing nuclear emulsions in contact 
with the atmosphere. In their experiments Ilford C2 emulsions stored in air 
for 50 days before development lost about 25 per cent of the initial number 
of grains. In pure oxygen more than 50 per cent were lost, while storage in 
nitrogen resulted in a loss of about 6 per cent. These results refer to rates of 
surface fading in thick emulsions, and the fading observed in the interior of 
the emulsion amounted to considerably less. The observation that the proc- 
ess proceeds from the surface leaves little doubt that diffusion of oxygen 
into the emulsion is the rate limiting factor. With the thin emulsions ordi- 
narily used in radioautography, one should not observe significant differences 
between the surface and interior rates of fading. 

Hydrogen peroxide.—It is unlikely that there is any appreciable difference 
in the mode of action of hydrogen peroxide and that of water or oxygen or 
both (61). The response of fast emulsions, such as No-screen x-ray film, to 
traces of hydrogen peroxide is different from that of nuclear emulsions in 
that positive artifacts are produced (5, Chap. 1). This effect is also pH-de- 
pendent with production of false images proceeding more readily on the al- 
kaline side. It would appear that this phenomenon is related to the observa- 
tion that hydrogen peroxide in alkaline solution is a weak developing agent 
for these faster films. 
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Fading of the latent image in nuclear emulsions by hydrogen peroxide 
has been advantageously utilized to remove accumulated background grains 
prior to usage (63, 64). This was accomplished by storing the emulsion over 
3 per cent hydrogen peroxide in a closed container for 4 hr. at 25°C. Sensi- 
tivity was restored by drying the emulsion over CaCl, for from 1 to 2 hours. 

Pseudo-photographic effects attributable to hydrogen peroxide have 
been reported when specimens were placed next to emulsions for radioautog- 
raphy. Churchill (65) found that hydrogen peroxide produced in the oxida- 
tion of fresh scratches and abrasions of metallic surfaces caused the image 
of the scratch to be reproduced on x-ray film. Other work has indicated that 
hydrogen peroxide or organic peroxides may be evolved from certain woods 
(66), and rock specimens (67). Ansheles found the effects localized in the 
regions of cracks and fissures through which peroxides were presumably 
evolved to the emulsion surface. Other materials which appear to produce 
pseudo-photographic effects by evolution of hydrogen peroxide are Canada 
balsam, sealing wax, and resins (5, Chap. 1). 

Miscellaneous reagents.—Other chemicals in great variety either are 
known to affect photographic and nuclear emulsions or have been implicated 
indirectly. In general, the action of oxidizing agents may be expected to in- 
hibit image formation or to cause fading of the latent image. Reducing agents 
will ordinarily cause fogging. As indicated in the preceding discussion, 
whether a given compound will function as an oxidizing or as a reducing 
agent may be expected to be a function of the emulsion, pH conditions, 
temperature, and the presence or absence of incidental reagents which may 
catalyze or inhibit the reaction. 

Interferences may also be produced by reagents which form insoluble 
salts when reacted with silver bromide. The most widely recognized com- 
pound in this class is hydrogen sulfide. 

Severe difficulties with chemical anomalies have occurred in radioautog- 
raphy of biological specimens. Boyd & Board (68) demonstrated that normal 
fresh or frozen rat tissue produced images, by direct chemical action on 
NTB emulsions, with distinctive patterns which closely resembled radio- 
autographs. Later Board (69), working with guinea pig tissues, showed that 
the emulsion reducing materials were stable at 60°C., dialysable, and ‘“‘in- 
hibited’”’ by iodoacetic acid. Since Board found that solutions of glutathione 
and cysteine produced blackening of NTB emulsion, he suggested that sulf- 
hydryl compounds were primarily responsible. Everett & Simmons (70) 
found that rat tissue also contained water soluble, nondialysable substances 
which reduced emulsions, but that the water-extracted tissues caused no 
blackening. They concluded that sulfhydryl compounds were not the only 
responsible agent, and supported this contention by demonstrating that 
those areas in rat skin which were stained with sulfhydryl specific reagents 
did not coincide exactly with areas of chemical reduction. 

Everett & Simmons found Bouin’s solution to be a satisfactory fixative 
which did not contribute to the darkening of emulsions. However, Doniach 
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& Pelc (71) reported that tissues fixed in Bouin’s fluid exhibited negative 
artifacts. It would appear that fixatives containing mercury or copper salts 
are undesirable since Board (69) stated that these materials desensitize NTB 
emulsion. There is no general agreement as to which tissue fixation tech- 
niques are most compatible with emulsion methods for radioautography. 

It is difficult to distinguish between chemical reduction and valid grain 
radioautographs. Bourne (72) contended that chemical fogging of an emul- 
sion may be recognized by the fact that fogging will spread outward from 
the specimen surface as a function of the rate of diffusion of the interfering 
substance in the emulsion. Therefore, microscopic examination should reveal 
fog grains only near the specimen surface. Everett & Simmons (70) were 
unable to distinguish between positive artifacts and valid radioautographs 
by this method. However, it would appear that whether or not such differ- 
entiation is practicable would depend to a considerable extent on emulsion 
thickness, time of exposure, and the rate of diffusion of the interfering sub- 
stance. 


MISCELLANEOUS ARTIFACTS 


Artifacts caused by agents other than chemical have been observed. 
When an emulsion is stripped from its support enough light may be produced 
through static discharges, especially under low humidity conditions, to pro- 
duce blackening (73). 

Silver bromide grains may be rendered developable by the application 
of excessive or uneven pressures, as in scratches or abrasions, or in attempts 
to improve contact between specimen and emulsion (74). Doniach & Pelc 
(71) found that the pressure exerted by stripping emulsions drying on a 
specimen sometimes produced blackening, especially in the region of the 
edges of the sections. Bartell & Brockway (75) reported that the sensitivity 
of untreated Kodak lantern slides increases from the center to the edges and 
that emulsion sensitivity is increased by mechanical disturbances such as 
cutting, handling and packing. It is well known that one of the early ob- 
stacles to the preparation of very thick emulsions on glass for nuclear re- 
search arose from the extreme pressures produced on drying the emulsion 
which often pulled slivers of glass from the base. 

Fluorescence and photoluminescence phenomena in the specimen may 
also cause artifacts (76). Yagoda (5, Chap. 1) mentioned artifacts produced 
by fluorescence of certain compounds, particularly petroleum products, 
under the impact of 8-radiation. Boyd & Board (68) differentiated between 
chemical and fluorescence artifacts by interposing thin glass cover slips 
between the specimen and the emulsion. 


TECHNICAL CONSIDERATIONS 
SPECIMEN PREPARATION 


Space does not permit detailed discussion of methods for the preserva- 
tion and preparation of specimens for radioautography. In general, as at- 
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tempts are made to increase the detail and resolution of radioautographs, 
the quality of the specimen must increase and its thickness decrease. It is 
necessary to produce a smooth, flat surface which will give intimate contact 
with the emulsion. 

As indicated earlier the specimen should not contain or evolve chemicals 
which produce artifacts by reacting with the emulsion. Many workers have 
attempted to coat the specimen with protective films to prevent chemical 
effects, but the results have been equivocal. Everett & Simmons (70) tested 
thin coatings of Duco cement, silicone (Dri Film), Geon resin, Permamount, 
Formvar, and cellophane. Only the cellophane covering, which was 27yu 
thick, prevented histochemical reduction of Ansco Bulk Emulsion A. Blun- 
dell & Rotblat (77) recommend use of a 1 per cent solution of Perspex 
(methyl methacrylate) in chloroform. Eidinoff et al. (78) report satisfactory 
results when suspensions of microorganisms in water were dried on Formvar- 
coated nuclear emulsions. MacDonald et al. (79) found that celloidin in 
methyl alcohol had no effect on emulsions, but that celloidin in ether-alcohol 
produced darkening of Eastman Type M emulsion. Using the wet-process 
method, Gomberg (80) obtained best results using vinyldene chloride (Saran 
2000) in methyl ethyl ketone for tissue specimens and a 90:10 copolymer of 
vinyl chloride and vinyl acetate (Vinylite VYNS, Bakelite Corp.) in methyl 
ethyl ketone for metal specimens mounted in bakelite. Eastman Kodak 
produces an NTB stripping emulsion with an impermeable cellulose ester 
base which was utilized by Boyd & Williams (73). Holt & Warren (81) pre- 
ferred to use an 18y air gap instead of an “impermeable” coating. The prep- 
aration and properties of thin films of a number of likely materials were 
reviewed by Chapman-Andresen (82). 

When the specimen contains soluble radioactive compounds, measures 
must be taken to prevent leaching or translocation. Williams (83) demon- 
strated leaching of plutonium from tissue sections when they were immersed 
in water according to the radioautographic technique described by Evans 
(84). Yagoda (5, Chap. 1) states that if polished sections of pitchblende, 
which frequently contain inclusions of metallic silver, are etched with nitric 
acid, polonium may be brought into solution and deposited electrochemi- 
cally on the silver inclusions. 

Freeze-drying (81) and frozen sectioning (85) methods have been utilized 
to reduce leaching in biological studies. Asboe-Hansen (86) and Russell 
et al. (87) treated tissues with basic lead acetate in an effort to insolubilize 
sulfates and phosphates. In histochemical studies of specific insoluble com- 
pounds, such as labelled desoxyribonucleic acid (DNA), soluble radioactive 
materials have been removed by extensive washing of the sections (88, 89). 


APPOSITION OF EMULSIONS 


A number of methods and modifications of methods for bringing emul- 
sions into contact with specimens have been described. These may be di- 
vided into two general categories: (a2) methods in which the specimen and 
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emulsion are not permanently apposed, and (b) methods in which specimen 
and emulsion are permanently joined together. These techniques have been 
reviewed in detail by Fitzgerald et al. (90), and Gross et al. (91). 

Where the specimen and emulsion are kept separate, there is the ad- 
vantage that the two may be processed separately and problems of the ef- 
fects of developers on the specimen or of histological processing on the emul- 
sion do not arise. However, in high-resolution work, problems exist in ac- 
curately realigning the specimen and the emulsion. Holt & Warren (81) 
marked the specimen slide with radioactive ink to improve the precision of 
realignment. Buie et al. (92), and Williams (83) described methods in which 
the specimen was mounted on a flexible glass cover slip secured at one end 
to the glass base holding the emulsion. With this sytem the specimen may be 
removed from the emulsion and the two processed separately while retaining 
their orientation. 

Specimens may be permanently affixed to emulsions using either the 
mounting method of Evans (84, 93) and Endicott & Yagoda (94) in which 
the specimen is floated into position on top of the emulsion, the liquid emul- 
sion technique of Bélanger & LeBlond (95) and Bélanger (96) in which 
melted emulsion is painted directly over the specimen (97), or the stripping 
film technique of Pelc & Howard (98) in which the emulsion is stripped 
from its base, floated on water, and transferred into position overlaying the 
specimen (10, 99). Stieff & Stern (100) have described a method of dry- 
mounting Eastman impermeable base stripping film. With finely divided 
specimens such as microorganisms or rock powders the specimens may be 
distributed upon the emulsion (100) or incorporated into liquid emulsions 
(11, 101). 

Gomberg (80) and Towe, Gomberg & Freeman (102) described a ‘‘wet- 
process’’ method in which the emulsion is produced by precipitation of 
silver bromide in celloidin (CdBrz impregnated) covering the specimen. This 
method has been applied both to the study of biological materials and metals. 

With permanently-mounted specimen-emulsion systems, the problem 
of maintaining orientation is simplified. The main disadvantage is that 
both emulsion and specimen are subjected to all processing and staining 
procedures. Doniach & Pelc (71) found that eosin, used in counterstaining 
of tissues, caused dissolution of developed silver grains. 


EXPOSURE OF EMULSIONS 


In the exposure of the emulsion, many of the factors previously men- 
tioned may exert a considerable influence. Most workers have chosen a tem- 
perature around 5°C. with calcium chloride as a desiccant. (In a closed con- 
tainer at 5°C. CaCl, produces an equilibrium condition which results in a 
constant relative humidity of 39.8 per cent.) This temperature appears to 
have been chosen in an effort so minimize fogging, but, as pointed out earlier, 
the sensitivity of the emulsion may also be reduced. It is not clear whether 
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the advantages gained in reduced fogging outweigh the disadvantages of 
reduced emulsion sensitivity. 

There is a practical limit to the duration of exposure which is imposed 
by the half life of the isotope involved, the accumulation of background fog, 
and, in addition, by the rate of fading of the latent image under the condi- 
tions of exposure. Fading of the latent image during exposure may be nearly 
eliminated by storage in an inert atmosphere, such as dry nitrogen or carbon 
dioxide (103). 

Perhaps the greatest difficulty in predicting exposure times, even when 
the radioactive content of the specimen is well known, arises when the de- 
gree of inhomogeneity of the radioactive deposits is unknown. Therefore, 
it is usually necessary to use a series of graded exposures. Where the varia- 
tions in concentration are large, optimum exposures in one area may be sub- 
optimum in others; or it may be necessary to overexpose some regions in 
order to demonstrate perceptible concentrations elsewhere. 


PROCESSING 


Developers are weak reducing agents, maintained at pH values from 
around 7 to more than 11 depending upon the formulation, which in them- 
selves are incapable of effectively reducing silver bromide. However, the 
presence of the elemental silver of the latent image catalyzes the reduction 
of silver bromide so that grains containing latent images are reduced to 
grains of silver. Della Corte et al. (43) have shown that this catalytic action 


may extend to as many as four adjacent silver bromide grains, an observa- 
tion of some interest in connection with quantitation by grain counting. 

Apparently the number and size of the silver specks comprising the 
latent image will affect the speed of reduction of the grain. Beiser (6) states 
that with densely ionizing particles, such as alphas, the tracks are visible 
after ‘‘moderate’’ development and background fog is reduced. However, 
only strong development utilizes the full sensitivity of the emulsion and is 
required to register weakly ionizing particles. 

Fixing baths containing reagents such as sodium thiosulfate are used to 
remove residual silver bromide. This reagent tends to dissolve metallic silver 
and its use must be carefully controlled. Mees (13, Chap. 17) states that 
the solubilization of silver in thiosulfate solutions is increased by the pres- 
ence of oxygen and with decreasing pH. Where large amounts of silver 
salts accumulate in the fixer there may be some tendency for surface phenom- 
ena to occur—particularly the deposition of elemental silver on the surface 
of the emulsion (6, 74). 

The processing of emulsions is highly responsive to temperature, which 
is ordinarily maintained at some constant value between 10° and 20°C. 
Howard & Pelc (104) reported artifacts similar to weak radioautographs 
when developing temperatures exceeded 18°C. Doniach & Pelc (71) observed 
that severe distortion, termed reticulation, occurred as a result of sudden 
temperature changes during processing. 
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DISTORTION OF EMULSION 


When unsupported nuclear emulsions are placed in water (as with some 
applications of stripping emulsions) they swell so that the surface area may 
increase by as much as 40 per cent. When mounted on a firm base and dried 
to 50 per cent relative humidity the emulsion is thinner than it was origi- 
nally and is under appreciable tension. Since development allows interim re- 
laxation before the emulsion is finally dried for examination, there is oppor- 
tunity for it to fail to preserve its orientation with the specimen. This type 
of distortion is aggravated by changes in pH and tonicity (105). 

Emulsions fastened to glass supports become thicker when immersed 
in water, although their lateral dimensions are not observed to change sig- 
nificantly (105). With thicker emulsions, it has been observed that some lat- 
eral distortion is introduced by unequal drying at the surface. When silver 
bromide, which comprises about 45 per cent of the volume of the emulsion, 
is removed in processing, the thickness is reduced to about one-third of the 
original value (106). 


EXAMINATION AND INTERPRETATION 
GENERAL EXAMINATION 


In high-resolution radioautography the specimen and the developed 
emulsion are ordinarily examined microscopically as a unit. Whereas arti- 
facts produced by mechanical means usually have an easily recognizabie ap- 
pearance, those caused by chemical action are often indistinguishable from 
a true radioautograph. 

The limiting factor in the recognition of a radioautograph is the number 
of background grains per unit area of emulsion. Coates (107) has shown that 
the number of fog grains per unit area increases as a function of development 
time, and that the fog grain distribution is entirely random. 

Pelc & Howard (98), who used Kodak Limited Autoradiographic strip- 
ping film, state that fog grain density should not exceed from 4 to 6 grains/ 
100u?, in which case 10 grains/100u? above background can be accepted asa 
radioautograph. Andresen ef al. (58), using the same emulsion, obtained a 
mean value of 4.2 grains/100u? with a range from 0.35 to 21 grains/100y?. 
They found no perceptible increase in background grain density with ex- 
posure times up to 30 days. The random nature of fog grain distribution es- 
tablished by Coates and further illustrated by Andresen et al. shows that a 
radioautographic grain count in the region of the background density can 
only be stated in terms of the probability function. 

Beiser (108) has shown, by means of artificial fog diagrams (equivalent 
in size to 1500 magnification), that when the background grain density 
exceeds 0.5 grains/100yu? ability to recognize electron tracks exhibiting low 
grain densities is progressively diminished. At background densities of 1.5 
grains/100u? and above, the number of falsely identified tracks was equal to 
or exceeded the fraction of tracks correctly identified. However, as Berriman 
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(109) had previously illustrated by the same technique, track visibility at 
a given fog level is a function of the number of grains/micron of track length. 


QUANTITATION 


As discussed earlier, the density or the number of developed grains pro- 
duced in an emulsion bears a linear relationship to the total number of in- 
cident particles. However, this relationship must be interpreted in the light 
of the rate of latent-image fading and the length of exposure. 

There are three ways in which quantitation of radioautographs may be 
approached: (a) densitometry, (0) track counting, and (c) grain counting. 
Densitometry is a simple and accurate method of recording average emulsion 
densities. However, it is limited in application by the size of the aperture 
which, in the most refined commercially available instruments, is about 0.1 
mm.*. Reasonably high optical densities are also required which limits the 
quantitative sensitivity of the method. Odeblad (76) has described a micro- 
densitometric technique which permits measurements of a circular area 100u 
in diameter (.008 mm.?). 

The relationship between optical density, D, and the number of developed 
silver grains per cm.?, m, was derived by Nutting (110) as D=0.43434n, 
where @ is the mean projective area of the developed grains. The mean pro- 
jective area of the developed grains of Kodak Limited Autoradiographic 
stripping plate was determined by Herz (26) by electron microscopic studies 
and found to be 0.0625y?. Andresen et al. (58), using this same emulsion and 
Herz’ value for 4, compared grain densities calculated from optical density 
measurements using Nutting’s formula with values obtained by grain count- 
ing. They found Nutting’s method to give on the average 2.7 times as many 
grains as were obtained by actual counting. 

Boyd & Levi (111) found fair agreement between the C"*-content of 
tissue, as measured in an ionization chamber, and the number of tracks 
counted in thick (25 and 100u) NTB2 emulsion. Miller & Hoecker (112) dis- 
cussed the quantitation of radium, an alpha emitter, and its three alpha- 
emitting daughters in bone. Kinersly (113) utilized the technique of Hoecker 
and Roofe (114) for determinations of relative concentrations of Ca® in 
teeth by track counts. Levi (115) considered the possibilities of quantitating 
thorium deposits in soft tissues of patients given thorotrast. 

One of the greatest difficulties in track counting lies in the proper recog- 
nition of the track. This is comparatively simple with a-tracks because of 
their high grain densities and the fact that they always travel in a straight 
line. But even in this case those tracks which penetrate nearly perpendicu- 
larly to the plane of the emulsion are not easily recognized, especially in a 
thin emulsion, since they appear as a single grain or a clump of grains. With 
emulsions of such thickness that a considerable fraction of the a-particle 
range lies within the emulsion, track recognition is simplified. 

The use of thick emulsions, as practiced by Boyd & Levi (111), is par- 
ticularly useful in quantitation of B-tracks. With energetic 6-particles, the 
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origin of the track may often be difficult or impossible to determine because 
of the low initial specific energy loss and the fact that fading of the latent 
image is most pronounced in this area (60). Levi (101) utilized the method 
of King, Harris & Tkaczyk (11), in which single cells are suspended in liquid 
emulsion, to improve the ease of track recognition and counting. 

A critical study of the problems of quantitation of the radioactive con- 
tent of small areas by grain counting, so far as the authors are aware, has 
not yet appeared. Dudley & Pelc (116) have described an apparatus for 
automatic grain counting designed on the principle of the flying-spot scanner. 
Andresen ei al. (58) made quantitative studies of the C'-content of amoebae 
by both grain counting and Geiger-Mueller methods. These authors found, 
in Kodak Limited Autoradiographic stripping emulsion, that the grain yield 
varied from 0.47 to 1.02, the variation being attributed to fading of the 
latent image. Grain yields in Kodak Limited Autoradiographic stripping 
emulsion for other B-emitting isotopes have been reported. Using P*, Herz 
(26) obtained 0.77 grains/8-particle, while Berriman et al. (50) found about 
1.0. Lamerton & Harriss (52) reported 0.8 for diffusely incident P® electrons 
and 1.8 for S*®. A value of 0.4 for the grain yield from I'*! B-particles may be 
assumed on the basis of density measurements made by Berriman et al. (50). 
With the exception of the data of Andresen et al., all these values appear to 
have been derived from measurements of diffusely incident particles from 
plane sources. However, it will be noted, if one compares the values for 
grain yields noted above with the maximum energies of the particles, that 
grain yield does not increase with decreasing particle energy as expected on 
the basis of the specific energy loss. 

When radioactive inclusions are small compared to the range of the 
8-particle, a problem arises in determining the area which is to be counted 
for grains produced by particles originating in the inclusion. Where the 
sources of the 6-particles exist in known, recognizable forms of measurable 
size, this problem is somewhat simplified, since the mathematical approaches 
to problems of resolution may be utilized. However, when the source of a 
B-particle and its size are indeterminate, the quantitation of radioactivity 
in a small area theoretically becomes an extremely complex problem which 
is intimately associated with the subject of resolution. 


RESOLUTION 


Preliminary estimates of attainable resolution often aid in choosing the 
conditions required for radioautographic procedures. As discussed by Lamer- 
ton & Harriss (52), considerations of resolution also have an important bear- 
ing on the recognition of a radioautograph and on the limitations of quanti- 
tating it by grain counting. 

Mathematical approaches to the problem of resolution have been made 
by assuming that the particle flux diminishes around a small radioactive 
source according to the inverse square law (that is, by neglecting absorption 
and backscattering) and that the emulsion response is directly proportional 
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to flux density. Doniach & Pelc (71) made such calculations on the basis of 
a point source at various depths in the specimen and on the basis of a rod 
source of zero diameter perpendicular to the plane of the emulsion. Resolu- 
tion was defined as the distance from the point of maximum exposure to the 
point at which the grain density was halved. The results indicated that 
maximum resolution is achieved when the point source is located at the speci- 
men surface. The authors emphasized the importance of minimizing the 
gap between specimen and emulsion for best resolution. 

Gross et al. (91) extended this mathematical treatment, using the same 
basic assumptions, to plane and cylindrical sources. They showed that in- 
creasing emulsion thickness is of secondary importance compared to in- 
creasing the distance of the source from the emulsion surface and, further, 
that resolution is a function of the size and shape of the source. Lamerton & 
Harriss (52) pointed out the disadvantage of using the inverse square law 
in such calculations, since the intensity theoretically approaches infinitely 
high values when the source contacts the emulsion. Instead they used exist- 
ing theorems, which describe the intensity distribution about sources of 
various shapes, for calculations of resolution with cylindrical sources. The 
results show that resolution decreases as the radius of the cylinder in- 
creases; and further, that there should be no difference between the resolu- 
tion obtained when the specimen thickness is x and emulsion thickness is y, 
or vice versa. These authors defined resolution as follows: 


The resolution of a given autoradiographic technique shall be defined as the dis- 
tance d, if the images of two uniformly active cylindrical sources of diameter d can just 
be resolved when the centres are separated by a distance 2d. 


Their calculated values of resolution are listed for general reference in Table 
IV. They agree with the value of 2.34 actually measured by Stevens (117), 
who applied a nuclear type emulsion (Kodak Limited Autoradiographic 
Plate, 4u thick) by a stripping technique to an I*!-labelled Cobb type test 
chart. Doniach, Howard & Pelc (118) reported obtaining resolution of 2u 
using P® with Kodak Limited Autoradiographic stripping emulsion. 

Some aspects of resolution that have not been included in these theoret- 
ical approaches are (a) effects of grain size, (b) exposure time, and (c) the 
effects of the increased rate of energy loss in the terminal portion of the 
track. Boyd (119) demonstrated the increase in image size as a function of 
increased grain size (or sensitivity) and, further, illustrated the increase in 
image size with increasing time of exposure. In discussing Boyd’s results, 
Gross et al. (91) emphasized the desirability of low exposures for optimal 
resolution. These authors also mentioned the adverse effects on resolution of 
the increasing rate of energy loss in the terminal portion of the track. The 
increased resolution which may be achieved with very low energy §-particles 
is illustrated by the results of Chapman-Andresen (120) who obtained resolu- 
tion of 1p with tritium in microorganisms, using Kodak Limited Autoradio- 
graphic stripping emulsion according to the method of Doniach & Pele (71). 
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TABLE IV* 


THEORETICAL VALUES OF RESOLUTION 








Emulsion Specimen 


é s Resolution 
thickness thickness ees 





2u 2u 
2u 2u 


Su Su 
Su Su 


Su 2u 
Su 2u 


204 Su 
20u Su 





* Lamerton & Harriss (52). 


As emphasized by Lamerton & Harriss (52), the recognition and resolu- 
tion of radioautographs is affected by the contrast between the grain density 
over the structure of interest and the grain density in the surrounding emul- 
sion. This consideration imposes limitations on the ratio of isotope concen- 
tration in structures to concentration in the surrounding medium which 


must obtain to make recognition possible. For the grain density over a 5yu 
radius object to be double that of the surrounding area, this ratio was esti- 
mated to be 10 for P* and 4 for S*®* when both specimen and emulsion are 5yu 
thick. In this instance also, the range of the B-particle in the emulsion and its 
rate of energy loss is seen to exert an influence. 


SUMMARY 


The authors have attempted to discuss the fundamental problems asso- 
ciated with the proper application of the radioautographic technique. The 
method has been utilized in a wide variety of scientific investigations. There 
is a necessity for strict control over all phases of the handling of the emulsion 
and preparation of the specimen in order to obtain good results and correct 
interpretation. 
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CELLULAR RADIOBIOLOGY?? 


By RosBert K. MORTIMER AND CARL A. BEAM 
Donner Laboratory, University of California, Berkeley, California 


The preceding review article in this series by Sparrow & Forro (334) 
includes literature up to the end of 1952. The present report is primarily 
concerned with literature that has appeared in the succeeding two-year 
period, with emphasis on the presentation of an organized survey rather than 
on a critical analysis of this literature. The extreme diversity of interests 
that fall under the above title, as a result of the wide range of effects studied 
and of organisms and radiations employed, has made organization difficult 
and in addition has necessitated somewhat arbitrary limits to choice of ma- 
terial. Studies on radiation chemistry and the effects of radiation on macro- 
molecules of biological interest, and—at the other end of the scale—histo- 
logical manifestations and detailed genetic consequences of radiation dam- 
age, have been excluded, even though closely allied in some cases to studies on 
cellular radiobiology. These subjects are treated in a number of recent re- 
views (23, 42, 70, 330). 

The material has been organized firstly according to the type of radio- 
biological effect studied, and secondly into subcategories, where possible, 
according to the type of modifier employed. This system has served indi- 
rectly to separate many of the articles in terms of the general class of organ- 
ism or radiation used. 

Recent literature surveys which overlap and in addition supplement 
some sections of this review are those of Spiegelman & Landman (337) and 
Zelle (397) on genetics of microorganisms, and Dubois & Petersen (89) on 
biochemical effects of radiation. 

Extensive discussions of practically all aspects of radiation biology are 
included in a number of books that have appeared recently. The book of 
Bacq & Alexander (15) provides a ooherent account of the present status of 
research and ideas in radiation chemistry, cellular radiobiology, and verte- 
brate radiobiology. Dessauer’s recent book (80) on ‘‘Quantenbiologie,” in- 
tended as an introductory survey, is also of additional interest because of 
the fundamental approach to a number of basic radiobiological problems. A 
revised version of Lea’s classic, Actions of Radiations on Living Cells, has 
recently become available (217). Rajewsky (298) presents in a well-organized 
and easily accessible form a wealth of information, primarily on vertebrate 
radiobiology. Spear (336) gives a very readable introductory account of 


1 The survey of the literature pertaining to this review was completed in December, 
1954. 

2 The following abbreviations are used: DNA for desoxyribonucleic acid; RNA for 
ribonucleic acid; ATP for adenosine triphosphate; LET for linear energy transfer; 
RBE for relative biological effectiveness. 
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many aspects of radiation biology in his recent book Radiations and Living 
Cells. 

The first volume of Radiation Biology (160), edited by Hollaender, con- 
tains a valuable collection of articles written by outstanding scientists rep- 
resenting the major avenues of research in this rapidly expanding field. 
The proceedings of a number of recent symposia and conferences, of interest 
to cellular radiobiology, have appeared during the last two years (16, 73, 
252). Many of the individual articles from these sources are discussed below. 
Other recent reviews and critical discussions of general interest to this field 
are those of Errera (104), Gray (132 to 135), Koller (199), and Stone e¢ al. 
(350). A number of more specific reviews and discussions are considered in 
the appropriate context. 


LETHAL AND MUTAGENIC EFFECTS 


The lethal and mutagenic effects of radiation on cells occupy the end 
position of a chain of chemical and biological disturbances which follow the 
initial event of energy dissipation. The possible length and complexity of 
the chain is evidenced below by the diversity of modifiers influencing the 
end result and by the variety of radiobiological effects that have been pro- 
posed to occupy intermediate positions. 

Most of the studies to be considered in this section have been performed 
on microorganisms. Because of the similarity of experimental approach, the 
many experiments on viruses are considered under the appropriate sub- 


headings along with those on units more clearly cellular. A number of theo- 
retical and general discussions applicable to interpretation of the lethal 
and mutagenic effects of radiation have appeared recently (34, 78, 140, 165, 
235, 329, 367). 


GENERAL 


Many studies have been concerned primarily with determination of the 
mean lethal dose and target size and shape of irradiated microorganisms and 
viruses. Goldblith e¢ al. (127) have measured the mean lethal y-ray dose for 
eleven strains of bacteria. Values obtained ranged from 5,100 r.e.p. for 
Pseudomonas to 53,000 r.e.p. for Streptococcus. 

Pollard (292) in his recent book on viruses discusses the application of 
radiation studies to the determination of the size and shape of radiation- 
sensitive structures within these particles, and a number of recent publica- 
tions from his group have been directed towards this goal (75, 76, 113, 293, 
294, 384). Friedman (113) has assayed x-ray and deuteron-inactivated M-5 
phage on three strains of the host, Bacillus megatherium, and finds for all 
three the same degree of phage inactivation. The inactivation cross section 
for deuterons of 10~-" cm.? compares favorably with the electron micro- 
graph cross section of 3.7 X10~" cm.*. The cross section for deuteron inacti- 
vation of the infective properties of Newcastle’s Disease Virus was found to 
agree quite well with the dimensions of the complete virus obtained from 
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electron micrographs (384). Davis (76) finds that for inactivation of phage 
T-1 by electrons, a minimum energy of about 600 electron volts is necessary. 
She concludes from these findings that highly sensitive genic material is 
located within the head of the virus and is surrounded by a protecting pro- 
tein coat about 100 A thick. Similar experiments on bacterial spores have 
been performed, from which aspects of intracellular morphology are inferred 
(75). Dimensions of the sensitive region of the serum-blocking antigen of 
T-1 bacteriophage have been derived from electron, deuteron, and a-particle 
inactivation studies (293). 

Epstein (99) finds a close correlation between radiation-sensitive volume 
and measured nucleic acid volume for a number of phages. The loss of lyso- 
genicity in phage A (and acquisition of virulence) was found to be associated 
with a significant decrease in sensitive volume (100); A, sensitive or virulent, 
has about one-third the sensitive volume and nucleic acid volume of its 
counterpart in size, T-2. Bachofer (9) finds the sensitive volume of dried T-1 
bacteriophage to depend both on temperature during irradiation and on the 
method of drying. About a sevenfold variation in target volume could be ob- 
tained by varying the conditions of the experiment. These findings should 
be of considerable importance in target theory interpretations of direct ef- 
fects of ionizing radiations. 

The inactivation of Amoeba proteus by incorporated P® has been studied 
by Friedrich-Freksa & Kaudewitz (114) as a function of the number of gen- 
erations after decay of the radioisotope. Maxima in per cent lethals per gen- 
eration were observed at the fifth and at the thirty-first generations. The 
first maximum, representing an expression of radiobiological damage, corre- 
sponded to that observed after external P®-irradiation. The second maximum 
however, was interpreted in terms of the inactivation of subgenic units by 
Pp#_,S® transmutations. Stent (348) and Castognoli & Graziosi (63) have 
measured the rate of inactivation of P*-labeled phage as a function of time 
after incorporation. Stent computes, on the basis of transmutation inactiva- 
tion, that only 1 in 13 such decays is effective. 

A number of studies have appeared recently in which the induction of 
lethality has been compared quantitatively with induction of other radio- 
biological effects. Berrie (32) has found that, while lower incubation tem- 
peratures decreased ultraviolet-induced mutation frequency in Escherichia 
coli, an increased lethality was expressed under the same conditions. These 
results were considered to oppose the causative association of ultraviolet- 
induced mutations with lethality. Exposures of ultraviolet and diepoxybu- 
tane producing comparable decreases in viability were shown by Kélmark 
(200) to have markedly different effects on reversion rates at two biochem- 
ical loci in Neurospora. Markert (239) has found pigmented fungus spores to 
be resistant, by virtue of the filtering action of the pigment, to both lethal 
and mutagenic actions of ultraviolet light. X-ray-inactivated bacteria were 
shown to be capable of supporting the growth of phage (110, 204). Kaplan 
(179) found that the lethal and mutagenic effects of ultraviolet on Bacterium 
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prodigiosum were differentially affected by changes in the gaseous atmos- 
phere during or after irradiation. Whereas anaeribiosis had no influence on 
lethality, mutation frequency was in some cases depressed. Formation of 
adaptive enzymes was little influenced by x-ray inactivation of yeast (22) 
and E. coli (393). Ultraviolet and nitrogen mustard, however, decreased 
both survival and ability to form adaptive enzyme (22, 180). The luminous 
output of cells of Achromobacter fischerit was less affected by x-radiation 
than was their ability to develop into colonies (154). Loss of motility of 
Tetrahymena was less affected by ultraviolet radiation than was viability 
(243). 


PHYSICAL MODIFIERS 


Dose rate, dose fractionation.—Eckart (92) has reported that increasing 
the intensity decreases the efficiency of ultraviolet for inactivation of T-1 
phage. He considers this as evidence against the applicability of the target 
theory in this case. 

A series of related studies have appeared recently in which the relative 
effectiveness of ultrafractionated and continuous x-ray and electron irra- 
diations is considered (86, 186, 187, 265). For inactivation of E. coli (85), 
ultrafractionated electrons (590 impulses/sec.) were found to be less effective 
than continuous irradiation; there was no effect of ultrafractionation of x- 
radiation. Ultrafractionated electrons were found to be less effective, 
while ultrafractionated x-rays were more effective, for inactivation of Dro- 
sophila eggs (165). 

Inactivation of Neurospora conidia by fast neutrons from an atomic test 
explosion was found to proceed at approximately the same rate as with 
cyclotron-generated neutrons, indicating no apparent effects of the extremely 
high dose rates (~10"° r.e.p./sec.) obtainable from test explosions (5a). 

Linear energy transfer.—The relative effectiveness (RBE) of ionizing 
radiations of different types, origins, or energies has been the subject of 
many recent studies. As will be shown, the RBE of different radiations de- 
pends not only on their linear energy transfer (LET), but also on factors re- 
lated to the biological systems studied. Recent reviews devoted to this 
subject are those of Zirkle (399), Boag (45), and Gray (132, 133, 134). 

Lindenmann (222, 223) finds 180-kev x-rays and 31-Mev electrons equally 
effective for inactivation of E. coli. Similar results were obtained by Gold- 
blith et al. (128) for inactivation of Bacillus thermoacidurans and E. coli 
with x-rays, y-rays, and 3-Mev cathode rays. Ting, Chinn & Johns (365) 
find 23.5-Mev x-rays about 75 per cent as effective as 200-kev x-rays for 
inactivation of four different strains of yeast. The kinetics of inactivation, 
though different for the different strains of yeast, were similar for the two 
energies of x-rays. Moos (255) has studied the inactivation of E. coli B and 
Pseudomonas aeruginosa with 4-, 39-, and 186-kev and 2-Mev x-rays all de- 
livered at approximately the same dose rate. The lower energy photons were 
found to be more effective. 
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Langendorff et al. (211) in a comparative study of the lethal effect of 
x-rays and a-particles on £. coli find the more densely ionizing a-particles 
to be less effective. The RBE,? however, depended upon pre- or posttreat- 
ment of the cells with heat. Houtermans (167) has shown the relative ef- 
fectiveness of x-rays and alpha particles for inactivation of E. coli to depend 
on the temperature and phase state of the cellular environment during irra- 
diation. Elkind & Beam (98) found that in yeast the relative effectiveness 
of these two radiations varied with changes in physiological state and stage 
of cell division. Interdivisional cells in log phase were more sensitive to 
x-rays than to a-particles, whereas log phase cells in the process of division, 
or starved cells, were less sensitive to x-rays. These above studies emphasize 
the necessity of biological as well as physicochemical interpretations of the 
relative effectiveness of various radiations. 

Tahmisian & Vogel (356) have studied the relative effectiveness of x- 
rays, y-rays, and neutrons for destruction of grasshopper eggs. The RBE 
values of the three radiations were 1.2, 1.0, and 19 respectively. Inactivation 
of Neurospora conidia by fast neutrons, x-rays, and y-rays has been studied 
by Atwood & Mukai (5a). A relative effectiveness of 1.5 to 2.0 was found for 
neutrons compared to x- and y-radiation. No significant difference was dem- 
onstrated in efficiency of production of recessive lethals by the different 
radiations. 

Zirkle & Tobias (401) have determined RBE values of x-rays, deuterons, 
and a-particles (LET? range: 0.73 kev/u to 190 kev/u) for inactivation of 
haploid and diploid yeast and Stichococcus. For both haploid and diploid 
yeast, RBE values changed only slightly for LET values from 0.73 to 30 
kev/u. At the higher linear energy transfer of the polonium a-particles, the 
RBE increased to a value of about 3 to 5. Stichococcus was increasingly sus- 
ceptible to more densely ionizing radiations over the complete range studied; 
an RBE value of 11 was obtained for polonium a-particles. Sayeg (319) 
has extended these studies into regions of still higher linear energy transfer, 
using in addition to the above radiations a beam of six-times-ionized carbon 
atoms. He found a similar rise in RBE for inactivation of haploid yeast up 
to LET values corresponding to polonium a-particles, but at the higher 
LET values of carbon nuclei the RBE decreased to a value near unity. 

Wave length—Morowitz (256) has found the ultraviolet action spectra 
for lethal and mutagenic effects in Bacillus subtilus spores to correspond 
approximately to the ultraviolet absorption of the cells; both showed maxima 
at about 2,700 A. Franklin (110) has measured the induction of lysis and 
inactivation in £. coli K12 by ultraviolet radiation of different wave lengths. 
The action spectrum for induction showed a single maximum at 2,650 A, 
while the spectrum for cellular inactivation suggested two maxima at 2,650 
A and 2,800 A. Similar results were observed for inactivation of M-5 bac- 
teriophage (111). These results indicate that induction can be effected by 
absorption of energy in nucleic acid components, while inactivation results 
from absorption in either nucleic acid or protein. 
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The efficiency of inactivation of phages T-1 and T-2 by different wave 
lengths of ultraviolet has been determined by Zelle & Hollaender (398): 
A single peak in efficiency at 2,650 A was found for both organisms when dose 
was expressed as incident energy. Quantum yields (dose expressed as ab- 
sorbed quanta), however, were nearly independent of wave length. Less than 
one absorbed photon in a thousand was effective in causing inactivation. 
That ‘‘quantum yields are likely related inversely to chemical and biological 
complexity” was evidenced by the lower quantum yields obtained for the 
more complex phage T-2. 

The action spectra for a number of ultraviolet effects in the ciliate 
Blepharisma have been presented by Hirshfield & Giese (158). A composite 
of nucleic acid and protein absorption best fit the action spectrum obtained 
for lethality. Giese (119) in his recent review on photobiology has compiled 
and discussed the action spectra for a number of ultraviolet effects on proto- 
zoans. 


ENVIRONMENTAL MODIFIERS 


Temperature, phase, pressure-—Bachofer et al. (9, 13) have studied direct 
x-ray inactivation of dried T-1 bacteriophage over the temperature range 
77°K. to 310°K. The inactivation cross section could be expressed by two 
terms: the first temperature-independent, the second temperature-dependent 
and corresponding to an activation energy of 1,100 calories. 

The influence of both temperature and phase state on the survival of x- 
irradiated yeast (389, 390) and T-2 phage (391) has been studied extensively 
by Wood. An approximately twofold increase in sensitivity, associated with 
phase change from solid to liquid, was observed for both biological systems. 
In yeast, the lower sensitivity in solid phase probably results from an immobi- 
lization of toxic materials present within the cell, whereas in phage the 
poisons immobilized are more likely in the surrounding medium. This is 
evidenced by the lack of additivity of broth protection and freezing protec- 
tion against x-ray inactivation of phage. In the liquid phase, sensitivities 
changed only slightly with temperature up to 40°C. In the temperature 
region 45°C, to 55°C., the x-ray sensitivity of yeast increased rapidly, indi- 
cating a synergism between heat and x-ray inactivation. The synergism was 
also effective when heat treatment (52.5°C.) was applied immediately before 
or after irradiation. 

Houtermans (167) has studied the influence of temperature (— 196°C. to 
40°C.) and phase state on the sensitivity of E. coli to x-rays and a-particles. 
The a-particle sensitivity of the cells in solid phase was constant, and one- 
half that expressed in liquid phase. X-ray sensitivity, however, was found to 
increase about threefold when temperature was increased from — 196°C. to 
0°C.; sensitivities at 0°C. solid and 0°C. liquid were equal. The change in 
sensitivity to a-particles associated with the phase change is correlated with 
a similar change in production of H2O2, and is consistent with the possible 
involvement of this compound as an intermediate in a-particle inactivation 
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of cells. The different results obtained with x-rays indicate a basically differ- 
ent mechanism of action of this radiation. 

The rate of inactivation of bacteriophage by decay of incorporated P® 
has been shown to be reduced at lower temperatures (63, 348). 

Burns (57) has measured the x-ray sensitivity of yeast as a function of 
hydrostatic pressure during irradiation; no change in radiosensitivity was 
observed for pressures as high as 10,000 p.s.in. These results were considered 
as evidence against the association of large molecular volume changes with 
the production of the primary lesion. 

Anoxia.—The oxygen concentration during irradiation is generally con- 
sidered to influence radiobiological effects at the chemical level, altering the 
yield and types of active radicals produced. Recent discussions of the oxygen 
effect have been presented by Gray (135). Stone ef a/. (350), and Lacassagne 
(206). Lower oxygen concentrations during irradiation nearly always result 
in reduced radiobiological damage. The literature of the last two years con- 
tains several exceptions to this generalization. 

Oxygen protection of phage against indirect inactivation by x-rays has 
been reported by Bachofer & Pottinger (12) and Ebert & Alper (91). The 
presence of salts in the suspending medium (12) or high pH (4) reduced the 
protection afforded by oxygen. Experiments employing various combina- 
tions of hydrogen, nitrogen, and oxygen showed conclusively that HO, 
was not causatively related to phage inactivation (91). The results best fit 
the hypothesis that inactivation was mediated by reducing rather than oxi- 
dizing reactions. Phage that had survived irradiation was found to be more 
sensitive than unirradiated phage to H2O: and ascorbic acid inactivation. 
The oxygen concentration during irradiation influenced this effect [Alper 
(2, 3)]. 

The genetic effects of x-radiation on Paramecium were found by Kimball 
and Gaither (192) to be decreased under anaerobic conditions. Cell survival 
and division delay, considered to be nongenetic effects, showed no corre- 
sponding decrease. Tahmisian et al. (357) find that x-ray induction of 
size regression in developing grasshopper embryos is reduced tenfold when 
irradiation is administered in the absence of oxygen. No significant anaerobic 
protection was observed for neutron inactivation of Neurospora (5a). 

Graevskii & Ochinskaya (130) report an effective dose reduction of 2.3 
and 2.6 respectively for y- and x-irradiation of E. coli in vacuum compared 
to air. No dose reduction was found for §-irradiation under anaerobic condi- 
tions. Birge & Tobias (41) find a twofold dose reduction for x-ray inactiva- 
tion of haploid yeast under anaerobic conditions. Aerobically and anaero- 
bically grown cells exhibited the same degree of protection and the same 
kinetics of inactivation. Nybom (276) reports a protection of Chlamydo- 
monas against x-ray inactivation by removal of oxygen during irradiation. 

Chemical modifiers ——The occurrence of chemical processes following the 
initial event of energy absorption permits modification by chemical means 
of the final expression of biological damage. The role of various chemical 
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modifiers, notably those which reduce the extent of biological damage by 
competition for active radicals, has been considered in a number of recent 
reviews and critical discussions (23, 34, 215, 282). 

Bachofer e¢ al. (10, 11, 12) have reported various degrees of protection 
against x-ray inactivation of T-1 phage by the presence in the aqueous sus- 
pension, during irradiation, of a number of inorganic salts. Many of these 
(i.e., NOs, CN~, SOs) were considered as reducing agents acting against 
radiation-produced toxins. High concentrations of ammonium ion were 
considered to protect by dehydration of the phage particles. A number of 
metallic salts were found to influence the sensitivity of Micrococcus pyogenes 
to cathode rays (90). Cadmium, cobalt, and nickel chlorides enhanced the 
effectiveness of the radiation, while lithium, iron, and calcium chlorides 
afforded protection. Acetonitrile was found to reduce the effects of both 
ultraviolet radiation and the radiomimetic agent triethylenemelamine on 
bacteria (326). 

Mittler & Laverty (253) have determined the ultraviolet sensitivity of 
two closely related strains of bacteria, one of which lacked catalase. About 
twice the dose was required to produce the same degree of inactivation in 
the catalase-positive as in the catalase-negative strain. The respiratory en- 
zyme poison sodium azide was found to increase both the spontaneous and 
induced rates of mutation in a number of microorganisms (31, 138), possibly 
through an inhibition of catalase activity in these cells. Lethality, however, 
was decreased by the same agent, possibly indicating different mechanisms 
in mutagenesis and inactivation by ultraviolet. The metabolic inhibitor 
iodoacetate decreased the extent of ultraviolet inactivation of Streptomyces 
spores (374). 

Biagini (35, 36, 37) has made an extensive study of x-ray inactivation 
and cysteine protection in £. coli. X-rays were equally effective upon dried 
bacteria, dense aqueous suspensions of bacteria (107! gm./ml.), or broth 
suspensions of all dilutions. Under these conditions, for which inactivation 
is presumably direct, cysteine afforded no protection. As the density of 
aqueous suspensions was decreased to about 10-4 gm./ml. the effectiveness 
of the radiation increased about tenfold, as a result of the increasing impor- 
tance of indirect effects; the protection afforded by cysteine correspondingly 
increased to 2. Further reduction of cell density left effectiveness and degree 
of protection by cysteine unaltered, signifying that the extent of indirect 
damage for a given number of active radicals had maximized. 

A number of protective agents have been found to be effective against 
x-ray inactivation of Chlamydomonas (276). Glutathione was reported to 
protect completely against the effects observed after exposure of Paramecium 
to irradiated solutions (71, 72). 


POSTIRRADIATION MODIFIERS 


The modification of radiobiological effects by treatments applied after 
the beginning of irradiation has received considerable attention in recent 
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years. It is possible to reactivate otherwise inactivated cells by a number of 
postirradiation treatments, i.e., exposure to visible light, incubation with 
certain enzymes or metabolites, and incubation at selected temperatures. 
Recent surveys pertaining to reactivation of radiation-inactivated cells are 
those of Latarjet (215, 216), Hollaender & Stapleton (162), Stein & Harm 
(347), and Bowen (50). A number of articles pertinent to this subject were 
presented at the Symposium on the Chemistry of Biological After-Effects of 
Ultraviolet and Ionizing Radiations (252). 

Chemical reactivation.—Latarjet and co-workers (215, 216, 251, 360) 
have investigated the action of the enzyme catalase in restoration of ultra- 
violet-inactivated bacterial cells. The ability of the cells to be restored de- 
creases with time after irradiation and disappears around the fourth hour. 
Catalase restoration was possible only in lysogenic strains of bacteria (215, 
216, 360). Susceptibilities to catalase restoration and photorestoration in 
different strains of bacteria appear to occur in a complementary fashion 
(360). The enzyme peroxidase is also effective in restoration. Alcohol in the 
medium increases the extent of catalase restoration. It is proposed (215) 
that these enzymes exert their restorative effect primarily through the initia- 
tion of coupled oxidations between certain organic substrates (i.e., alcohol) 
and organic peroxides formed within the cell, thus diverting these agents 
from the production of the radio-lesion. Catalase restoration is not observed 
after roentgen irradiation. 

Heinmets et al. (145, 146, 147) report reactivation of ultraviolet-inacti- 
vated E. coli by incubation, after irradiation, with a number of metabolites. 
Reactivation is most effectively attained at 37°C. and with metabolites 
belonging to the citric acid cycle. Since this effect could be obtained only for 
incubation in solution, these experiments do not differentiate clearly be- 
tween cellular recovery and multiplication. The latter possibility might ac- 
count for some of the observed increase in viable count. 

Temperature reactivation—A number of recent studies have demon- 
strated a marked influence of postirradiation temperature on survival and 
mutation frequency of both x-ray and ultraviolet-irradiated bacterial cells. 

Harm & Stein (143, 144, 347) have made an extensive study of the influ- 
ence of incubation temperature (10°C. to 44.5°C.) on the survival of three 
strains of E. coli, Cells were exposed directly to ultraviolet, exposed to 
ultraviolet-irradiated medium or peroxide, or placed on unirradiated medium. 
A similar dependence of survival on incubation temperature was found for 
cells treated in these three ways. In view of the previously established simi- 
larity of inactivation by irradiated medium to that by peroxide, this cor- 
respondence in temperature dependence of “‘direct”’ and ‘‘indirect”’ inactiva- 
tion was considered to signify that a large portion of the inactivation by 
ultraviolet was through the production of cellular poisons. At 44.5°C., at 
which optimum reactivation is obtained, the survivals of strains B andB/r 
were identical. A histidineless mutant of £. coli showed a much different 
temperature recovery curve, with an optimum range below 30°C. Photoreac- 
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tivation and temperature reactivation appeared to act almost independently. 

Berrie (32) has studied the influence of postirradiation temperature 
treatments on survival and mutation of ultraviolet-irradiated E. coli. Treat- 
ment at 15°C. resulted in greater lethality but fewer mutants among the 
survivors than treatment at 37°C. A similar reduction in mutation at 16°C. 
compared to 37°C. has been reported by Witkin (383); the reduced-tempera- 
ture affected the frequency of induced mutants only in the first postirradia- 
tion division. 

The influence of postirradiation temperature treatment on survival of 
irradiated cells is not confined to ultraviolet irradiation. Two groups of in- 
vestigators have reported a marked effect of temperature treatment on 
damage caused by ionizing radiations. Langendorff et al. (210, 211) were 
able to reactivate x-irradiated EZ. coli by postirradiation treatment of the 
cells at 44.5°C. Maximum reactivation (1.6 X) was obtained with four hours’ 
treatment at this temperature. The same treatment with a-irradiated cells 
provided about twice the degree of reactivation (3.3 X). On the other hand, 
pretreatment of the cells for one hour at 37°C. doubled the x-ray sensitivity 
but left the a-particle sensitivity unaltered. Stapleton ef al. (343) have stud- 
ied the influence of postirradiation treatments at a number of temperatures, 
on survival of three strains of x-irradiated E. coli. The temperature giving 
maximum reactivation varied from one strain to another, but with any strain 
was suboptimal for growth. For strain B/r, the maximum survival was ob- 
served at 18°C., the reactivation corresponding to a dose-reduction factor of 
1.5. The rate of recovery increased with temperature and was dependent on 
the presence of a nutrient environment, suggesting the involvement of physi- 
ological processes. 

The wide variation in temperature dependence of this recovery effect 
between different strains of bacteria and for different radiations suggests 
that much of the previous work in which radiation effects have been assayed 
at only one temperature requires reconsideration. The above studies show 
that the relative sensitivities of different strains of bacteria, or effectiveness 
of different radiations, can be completely altered by postirradiation tempera- 
ture treatments. 

Photoreactivation.—A wide range of effects caused by ultraviolet radia- 
tion can be reversed by subsequent exposure to visible light. This reactivat- 
ing effect appears to be much more general and predictable than either tem- 
perature or catalase reactivation, and probably acts at a different level or in 
a different manner. This is illustrated by the recent study by Harm & Stein 
(144), in which approximately the same extent of photoreactivation was ob- 
served for both temperature-reactivated and nontemperature-reactivated 
E. colt. 

Recent discussions on photoreactivation are included in the articles by 
Bowen (50), Errera (104), Stein & Harm (347), Latarjet (215), and Giese 
(119). 

A number of recent reports have confirmed previous findings that photo- 
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reactivation takes place only when cytoplasmic material is present. Ultra- 
violet-inactivated phage cannot be reactivated by subsequent exposure to 
visible light. Illumination of the host bacterium (51, 156, 196, 219) or plant 
(27) after infection, however, results in an increased number of active phage. 
Dried phage, inactivated by ultraviolet light, is not photoreactivable, even 
after infection (155). Ultraviolet effects in Urechis caupo sperm were not 
reduced by subsequent exposure to visible light. However, effects induced 
in the eggs were photoreactivable (1'70). 

As in catalase and temperature reactivation, the amount of photoreacti- 
vation decreases as the time between irradiation and illumination increases; 
the rate of this process is temperature-dependent (51, 272, 273, 358). Studies 
on kinetics of the reactions involved in photoreactivation have been pre- 
sented by Bowen (51) and Nishiwaki (272, 273). That the basic reactions 
involved in photoreactivation occur very soon after absorption of the ultra- 
violet energy is evidenced by the effectiveness of visible light in reducing 
lethality and mutation when applied at the same time as the ultraviolet 
(148, 149, 185). 

The direct-repair hypothesis, as an explanation of the process of photo- 
reactivation, gains support from recent studies in which reactivated organ- 
isms were again exposed to ultraviolet. Lennox et al. (219) find reactivated 
phage-bacterium complexes to be inactivated at the same rate as survivors of 
a smaller dose of ultraviolet. Repeated alternate treatments of E. coli with 
ultraviolet and visible light revealed a similar relationship; a constant frac- 
tion of the organisms treated with ultraviolet was reactivated by visible light 
in each cycle. Similar experiments with Strepiomyces (290) appear to indicate 
a differential effect of photoreactivation on lethality and mutation. Spore 
populations that had survived five cycles of ultraviolet and visible light ex- 
posures contained a considerably higher percentage of mutants. The appli- 
cability of the dose-reduction principle to photoreactivation is well illustrated 
in the recent study by Sarachek (314), in which it was shown that the ratio 
of light dosage to the dark dosage producing the same degree of inactivation 
was constant over a wide range of doses for four ploidies of yeast. Newcombe 
& McGregor have applied this principle to explain photoreactivation of 
induced mutations in Streptomyces (268, 270). Exposure of these organisms 
to ultraviolet or x-rays results in a high yield of induced mutants; the muta- 
tion-versus-dose curve rises to a maximum and then decreases with increas- 
ing doses. Reactivation of cells that had received a high dose of ultraviolet 
resulted in an increased mutation frequency, while the opposite was observed 
for reactivation of cells that had received doses near the maximum of the 
mutation response curve. The kinetics of photoreactivation in Neurospora 
(275) is consistent with the assumption that reactivation of the conidia is 
the consequence of reactivation of a single nucleus per conidium. 

The state of hydration of T-1 bacteriophage, as affected by drying, freez- 
ing, or ethanol treatment, profoundly influences its ultraviolet sensitivity 
and photoreactivability (155, 156, 157). Berger et al. (31) find that the en- 
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zyme poison sodium azide reduces not only the effectiveness of ultraviolet 
light on bacteria, but also the degree of reactivation achieved by subsequent 
visible light exposure. 

Up to 800 quanta of blue reactivating light were found to be necessary 
to give maximum reactivation of the effects produced in Colpidium by one 
quantum of ultraviolet (120). Extensive attempts to demonstrate photo- 
reactivation of ultraviolet-induced damage in the protozoan Blepharisma 
undulans were unsuccessful (158). No photoreactivation could be obtained 
for photodynamically inactivated bacteriophage (378) or for x-ray effects 
in Streptomyces (270). A relatively small portion (14 per cent) of the lethal 
effect induced by ultraviolet in the protozoan flagellate Astasia longa was 
removed by exposure to visible light (325). 

Inhibition of respiration, growth, and DNA? synthesis in ultraviolet- 
irradiated E. coli all were shown to be reversible by subsequent visible light 
exposure (185). The tendency of ultraviolet-irradiated E. coli to form multi- 
nucleate snakes also is photoreactivable (105). Posttreatment with visible 
light has been shown (283) to markedly reduce the yield of phenocopies in- 
duced by ultraviolet light in Drosophila. Visible light, while decreasing the 
effects of ultraviolet on Chlamydomonas, increases the sensitivity of this or- 
ganism to x-rays (276). 

Weigle (376, 377) has reported the very interesting finding of ultraviolet 
reactivation of ultraviolet-inactivated bacteriophage. As with photoreacti- 
vation, the reactivating ultraviolet exposure was applied to the bacterium, 
but could be applied before as well as after infection. X-ray- or nitrogen- 
mustard-treated bacteria were also capable of restoring ultraviolet-inacti- 
vated phage. When applied to the infected bacterium, visible-light reactiva- 
tion and ultraviolet reactivation were additive. Visible light, when applied 
to ultraviolet-irradiated bacteria before infection, reversed the restoring 
ability of these bacteria. 

Sarachek & Lucke (316) have reported an ultraviolet-induced resistance 
to x-ray inactivation in Saccharomyces, although their results are not in agree- 
ment with those reported by Uretz (371) for combined ultraviolet and x- 
ray exposures in this organism. 


BIOLOGICAL Factors MODIFYING RADIOSENSITIVITY 


Division stage-—Houtermans (166) has used a synchronously dividing 
culture of Z. coli in a study of the dependence of radiosensitivity on division 
stage. Sensitivities to both a-particles and ultraviolet light were found to 
vary considerably; the cells were most insensitive just before division and 
most sensitive just after division. The recent reports (164, 212, 321) on syn- 
chronization of division in microorganisms by means of temperature shifts 
suggests the possibility of further studies of this type. 

A much higher resistance to x-ray-induced lethality of dividing than of 
nondividing yeast cells has been reported by Beam eé al. (28). Budding cells, 
which are considered to be mitosis, exhibited a resistance about ten times 
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that of nonbudding or interphase cells. A similar though smaller increase in 
resistance to a-particles has been shown to accompany the onset of budding 
in yeast (98). An increase in resistance to x-radiation correlated with division 
of a population of yeast cells has been reported by Sarachek (312). The cor- 
responding change in ultraviolet sensitivity was much less marked (313). 

The age and degree of starvation of cultures of EZ. coli (168) and yeast 
(98, 389) have been shown to influence considerably the shapes or slopes of 
the survival curves. 

Differentiation, pigmentation.—A high correlation between pigmentation 
and resistance to inactivation and mutation by ultraviolet in Glomerella was 
reported by Markert (239); the pigment apparently protects those cells 
containing it by absorption of a portion of the incident ultraviolet radiation. 
Resistance of part of the population of irradiated cells to both lethality and 
mutation was shown to account for the saturation-type mutation-versus- 
dose curves obtained. Constantin & Latarjet (68) have isolated and subcul- 
tured yeast colonies arising from survivors of successive ultraviolet irradia- 
tions, and have obtained by this technique three pigmented mutant strains 
that were much more resistant to ultraviolet inactivation. The higher radio- 
resistance was attributed to a protection of the nucleus afforded by the 
cytoplasmic pigments. Mutation from pigmented to nonpigmented in the 
yeast Rhodotorula has been studied by Magni et al. (238). Successive recultur- 
ing of E. coli populations that had survived high doses of x-radiation resulted 
in populations with increased radioresistance (115). This was considered to 
arise from the production and selection of radioresistant mutants. 

The differentiated spindle form of ascites tumor cells was found to be 
much more radioresistant than the free round-cell form (214). 

Ploidy, nuclear number.—Zirkle & Tobias (401) have reported studies 
on the relative sensitivity to ionizing radiations of haploid and diploid yeast 
cells. The diploid cells were found to be more resistant at all doses than the 
haploid cells. The lower sensitivity of the diploid cells was explained in terms 
of the expected lower susceptibility to recessive lethal inactivation in this 
ploidy. Similar studies have been reported by Wood (389) for x-ray inactiva- 
tion of haploid and diploid yeast cells. On the basis of the recessive lethal 
model proposed by Zirkle & Tobias, the number of radiosensitive sites es- 
sential to cell division was found to be 30. Evidence for x-ray-induced reces- 
sive lethal mutations in diploid yeast cells that had received a sublethal dose 
of x-radiation has been presented (258). 

Extensions of x-ray inactivation studies to higher-ploidy yeast cells by 
Lucke & Sarachek (225) and Mortimer (257) have yielded results that are 
not in complete agreement with the generally proposed increase of radio- 
resistance with increasing ploidy or with expectations of killing by recessive 
lethal damage alone. A combination of recessive and dominant lethal killing 
has been proposed (257) as a possible explanation of the results. The haploid 
cells would be killed mostly by recessive lethals, while in the higher ploidies 
killing by dominant lethals would become increasingly important. Other 
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evidence for the production of dominant lethals in yeast has been obtained 
[Mortimer (In press)]. The percentage viability of diploid zygotes formed by 
conjugation of pairs of haploid yeast cells was shown to be reduced by irradi- 
ation of one of the parent cells before mating. 

Magni (236, 237) has determined the shape of the x-ray survival curves of 
a number of strains of imperfect yeast. This type of study has been proposed 
as a tool in furthering the systematics of yeast; the combination of an ex- 
ponential survival curve and lack of sporulation could indicate that the 
strain under consideration is haploid. The differences in shapes of x-ray 
survival curves obtained by Ting et al. (365) for four strains of yeast might be 
explained in terms of ploidy differences. That exponential survival curves 
are not necessarily indicative of the haploid state of the irradiated cells is 
demonstrated by the recent study of Nybom (276). Haploid Chlamydo- 
monas gametes exhibited sigmoid survival curves for both x-ray and ultra- 
violet irradiation. 

Sarachek & Lucke (314, 315) have studied the influence of ploidy on ultra- 
violet sensitivity of Saccharomyces and conclude that ‘‘ploidy plays a sub- 
ordinate role to other genetical strain differences in determining sensitivity 
to ultraviolet radiations.” 

A study of the influence of variations in the average nuclear number of 
Neurospora conidia on ultraviolet sensitivity and photoreactivability has 
been reported by Norman (275). Extrapolation to zero dose of the linear 
portion of the survival curves yielded intercepts which agreed very closely 


with the average nuclear number, a result considered as support for the in- 
volvement of nuclear damage in inactivation. 


EFFECTS ON CELLULAR BIOCHEMISTRY 


This topic has been considered extensively in recent publications of Bacq 
& Alexander (15), Barron (23), and DuBois & Petersen (89). Some of the 
recent studies dealing with effects at the biochemical level that result from 
irradiation of cells are considered below. 

A number of recent experiments have demonstrated the apparent sta- 
bility of existing cellular enzyme systems to high doses of radiation. When the 
rate of oxygen consumption of bacteria, yeast, or barley seeds was measured 
soon after exposure to lethal doses of ultraviolet (146, 180, 185) or x-radiation 
(17, 18, 22, 38, 213, 250), little or no effect of the radiation was detected. 
When measured under conditions of growth, however, oxygen consumption 
was markedly reduced compared to that of the control (146, 185, 213, 250), 
indicating an effect on the ability of the irradiated cells to synthesize respira- 
tory enzymes. 

Small doses of x-radiation were reported to have a slight stimulatory 
effect on respiration of grasshopper eggs (137, 357); higher x-ray doses were 
found to cause a reduction in respiratory activity (366). A stimulatory effect 
of ionizing radiations on the respiration of potato tubers has been reported 
by Sussman (352). The respiration of high-nitrogen-content homogenates 
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of mouse liver was shown to be uninfluenced by radiation (323). The respira- 
tion of low-nitrogen-content homogenates was reduced; the extent of the 
reduction varied with substrate. Eichel & Roth (97) report a 30 per cent to 
50 per cent reduction in respiration of Tetrahymena immediately following 
exposure to high doses of x-rays. The ribonuclease and desoxyribonuclease 
activities of homogenates from cells receiving the same doses were unaffected. 
X-ray-induced damage to the respiratory system of yeast, as evidenced by 
a reduction of mitochondrial staining by indophenol (Nadi reaction), has 
been reported by Bautz (26). 

Exposure of yeast cells to various doses of ultraviolet and nitrogen mus- 
tard resulted in correlated decreases in survival and in ability of the cells to 
form the adaptive enzyme, maltase. In contrast, inactivating doses of x- 
rays had little effect on enzyme formation (22). Similarly, Yanofsky (393) 
finds that inactivating doses of x-rays had little effect on the ability of E. 
coli to synthesize lactase. A suppressing effect of ultraviolet on adaptive 
enzyme formation in £. coli B/r has been reported by Heinmets & Kathan 
(146). Evidence for ultraviolet-induced inhibition of adaptive enzyme forma- 
tion in Aerobacter aerogenes has been presented by Norman (274). A lower 
survival of irradiated glucose-grown cells was observed when the cells were 
plated on adaptive substrates instead of on glucose. Cells previously adapted 
to a particular substrate survived as well on this substrate as on glucose. 
The difference in sensitivity of E. coli strains B and B/r to ultraviolet inacti- 
vation was found not to apply to inhibition of adaptive enzyme formation 
(180). Equal suppressions of galactosidase activity were observed in the 
two strains following ultraviolet irradiation. Evidence against a close rela- 
tionship between the activity of the terminal oxidase system and resistance 
to x-irradiation has been presented by Goucher e¢ al. (129) 

A decrease in luminous activity of x-irradiated suspensions of Achromo- 
bacter fischerii has been reported (154, 379). The luminous output was reduced 
50 per cent by a dose of 1,800 r (379), indicating an especially sensitive bio- 
chemical system. Incorporation of Carbon-14 into most of the biochemical 
fractions of Chlorella was found to be uninfluenced by growth in the presence 
of tritium (296). 

Mitochondrial suspensions isolated from livers of mice that had received 
a dose of 640 r were unimpaired in their ability to oxidize succinate, while 
the capacity to couple this oxidation with high-energy phosphorus formation 
was found to be greatly impaired (241). Billen & Volkin (40) observed no 
immediate inhibition of succinate oxidation or ATP? formation in cell-free 
extracts of x-irradiated EZ. coli; extracts of cells that had been incubated 
in glucose buffer for 1 hr. after irradiation showed a marked decrease in phos- 
phorylation. This effect was correlated with an observed disruption and dis- 
appearance of the class of cytoplasmic particles associated with ATP syn- 
thesis. Under conditions of growth, irradiated E. coli were observed to re- 
lease ATP into the medium (39). That interference with phosphorylation 
might be related to inhibition of DNA synthesis in irradiated cells has been 
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considered by Kanazir & Errera (174 to 178). They find a decreased utiliza- 
tion of ATP in ultraviolet-irradiated EZ. coli for a duration comparable to that 
found for inhibition of DNA synthesis. During this period of inhibition there 
was an accumulation of acid-soluble organic constituents containing phos- 
phorous, purines, pyrimidines, and pentoses. Kelner (185) has reported an 
immediate and pronounced inhibition of DNA synthesis in ultraviolet-irradi- 
ated E. coli B/r; RNA? synthesis was found to parallel growth of the cells. 
Similar results are reported by Klein & Forssberg (197) for x-irradiated as- 
cites tumor cells. Although division was inhibited completely the average cell 
volume, RNA/cell, and nitrogen/cell were found to increase at a rate not 
significantly different from the rate of growth of an unirradiated dividing 
population of cells. DNA synthesis in the irradiated cells, however, was al- 
most completely inhibited. This inhibition was accompanied by a decreased 
incorporation of glycine into DNA, and by an accumulation of ATP(109). 

Further examples of radiation-induced derangement of nucleic acid have 
been presented by a number of authors. Tillotson & Warren (363) report an 
immediate decrease in stainable DNA, RNA, and alkaline phosphate in 
epithelial cells of the intestinal tract of irradiated rats. No change was ob- 
served (254) in the ultraviolet absorption of rat carcinoma cells for 48 hr. 
after x-irradiation, although a decrease in absorption occurred at later times. 
Partial fragmentation of DNA extracted from ultraviolet-irradiated rat 
thymocytes has been reported by de Courcy et al. (77). Low doses of x- 
rays were reported (245) to cause a stimulation in nucleic acid synthesis in 
carcinoma cells. An inhibition of both RNA and DNA synthesis has been 
observed in x-irradiated Melanoplus eggs (281). 


CYTOLOGICAL EFFECTS 


As was seen in the foregoing sections, the organization of this review has 
been largely on an operational basis. This is evidenced also in the sections 
to follow, where such related phenomena as mitotic inhibition and mutation 
are included among the more directly observable cytological effects of radia- 
tion. Pertinent reviews are considered under the appropriate subheadings. 


CYTOPLASMIC EFFECTS 


Relatively few studies on observable effects in cytoplasmic structures of 
irradiated cells have been reported. Irradiation of Paramecium with x-rays 
resulted in decreased motility, increased protoplasmic viscosity, and dys- 
function of the contractile vacuoles. Higher doses caused irreversible coagula- 
tion, darkening and vacuolization of the protoplasm, swelling and blistering, 
followed by death of the cell (382). Swollen and vesiculate mitochondria in 
irradiated Allomyces were observed at doses causing no detectable nuclear 
damage. Higher doses caused pronounced mitochondrial damage as well as 
obvious nuclear damage and death (306). Glubrecht (125) has studied a num- 
ber of cytoplasmic effects of ultraviolet in somatic cells of Allium and 
Tradescantia. Contraction of the cell vacuole, stainability with erythrosin, 











CELLULAR RADIOBIOLOGY 343 


plasmolysis, and cessation of cytoplasmic streaming and of movement of 
cytoplasmic particles, all were induced by ultraviolet irradiation. Pretreat- 
ment of the cells with heat (45°C.) reduced the doses required to cause these 
effects. The wave-length dependence of some of these effects indicated al- 
bumin as a possible primary energy acceptor. 

A reversible decrease in protoplasmic viscosity in leaf cells of Helodea 
caused by low doses of 8- and y-radiation, and an irreversible liquefaction 
caused by higher doses, have been reported by Virgin & Ehrenberg (373). 
Strugger et al. (351) have studied the localized and immediate uptake of 
fluorochrome dyes in x-ray-damaged protoplasmic regions of Allium cepa. 
Uptake occurred first in damaged areas along the longitudinal walls of the 
cell, and later spread to other regions as well as to adjacent cells. Blum et al. 
(43) have studied a number of effects of ultraviolet light on Arbacia eggs. 
Rapid cytoplasmic movements, localization of pigments, and cytolysis all 
were induced by the radiation. No photorecovery could be demonstrated for 
these effects. 


NUCLEAR EFFECTS 


Ultraviolet-induced cloudiness in the nucleus of Axolotl cells has been 
studied by Erdmann (101, 102) and Erdmann & Meyer (103). Sodium thio- 
glycolate, sodium nitrite, and sodium sulfite, effective against ultraviolet- 
induced coagulation of euglobin solution, were found also to protect against 
this effect. Cysteine and ascorbic acid were ineffective. 

Large intranuclear vacuoles in liver and kidney cells, as well as vacuoles 
within chromosomes of spleen and ascites tumor cells, have been observed 
(163) in rats exposed to ionizing radiations. Scherer et al. (322) have observed 
enlargement of the nucleolar apparatus in cells of irradiated mice. Townsend 
et al. (369) find that the formation of the ‘‘centrochromatin” region of yeast 
cells is inhibited by inactivating doses of ultraviolet, whereas comparable 
doses of x-rays had no such inhibitory effect. These results are discussed in 
relation to possible disturbances in nucleic acid metabolism. 

Trowell (370) has made an extensive study of the radiosensitivity of 
lymph node cells in vitro with pyknosis as a criterion of biological damage. 
A twelvefold difference in sensitivity between aerobic and anaerobic condi- 
tions was observed, a difference much greater than that usually found in 
biological systems. Swanson & Johnston (355) report about a fourfold dose 
reduction by anaerobiosis for x-ray-induced pyknosis in Tradescantia. 

Geckler & Kimball (118) observed a relatively small decrease in the aver- 
age number of micronuclei in Paramecium resulting from x-ray doses that 
profoundly affected both survival and division rate. 


EFFECTS ON NULCEAR AND CELL DIVISION 


This section is concerned with those effects of radiation on cell division 
which become apparent soon after exposure. Recent reviews and critical dis- 
cussions pertaining to this class of radiobiological effects have been presented 
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by Carlson (61), Gliicksmann (126), and Warren (375). Many articles of in- 
terest to this section are included in the proceedings of two recent symposia 
(16, 73). 

The partial-cell irradiation techniques described by Zirkle & Bloom (400) 
for protons, and by Uretz e¢ al. for ultraviolet light (372), are of outstanding 
interest. Very small portions of amphibian cells were exposed to protons or 
ultraviolet light, and the cells were followed after irradiation by time-lapse 
phase microscopy. Following proton irradiations, most of the well-known 
qualitative effects of ionizing radiations on cell division were observed. The 
chromosomal effects were, however, localized at the site of irradiation; 
irradiation of the cytoplasm, spindle, or centriolar region produced no detect- 
able effects. Ultraviolet irradiation of parts of chromosomes interfered with 
the normal directed movement of the chromosome to the metaphase plate 
only if the kinetochore was included in the irradiated part. 

The nature and extent of the immediate effects of radiation on cell di- 
vision has been shown to depend strongly upon the division stage in which 
the cells are irradiated. Carlson (61) describes, for Chortophaga neuroblasts, 
a very critical stage between late and very late prophase: “Irradiation of a 
cell before it has reached this period usually causes it to stop or even revert 
mitotically; irradiation after it has passed this period affects its progress 
through mitosis little if at all.’’ Beatty & Beatty (29) find, in Tradescantia 
microspores irradiated at different stages of their first meiotic division, a 
period in mid-prophase which appears to be critical. Irradiation of early to 
mid-prophase chromosomes causes an unspiraling and apparent reversion 
to earlier stages. Irradiation of mid- and late prophases results in clumping 
of chromosomes at subsequent metaphase and anaphase. Clumping of meta- 
phase chromosomes in x-irradiated Tradescantia has been studied by Swan- 
son & Johnston (355). The interval between irradiation and the first appear- 
ance of clumped metaphases decreased and the duration of clumping in- 
creased with increasing doses. Rees (303) has studied errors of chromosome 
separation at anaphase in Scilla campanula after x-irradiation. Larger chro- 
mosomes and chromosome arms were affected more than expected, suggest- 
ing centromere control of chromosome splitting. LaCour & Rutishauser (207, 
208) have presented evidence for the identification of these point errors ob- 
served at anaphase with aberrations resulting from subchromatid breaks. 

The suppression in frequency of visible mitoses, often observed after ir- 
radiation, is assumed to represent an interference with the normal progress 
of cells through division. Carlson et al. (62) have studied the influence of x- 
rays delivered at very low dose rates on the frequency of mitosis in Chorto- 
phaga neuroblasts. A dose which, if delivered in a few minutes, reduced the 
mitotic index to zero, caused only a 50 per cent suppression of mitosis if 
delivered over a period of 6 days (3.4 r/hr.). It was considered that the low 
dose rates permitted a balance between inhibition and recovery. Koller (198) 
observed no suppression of mitosis in Tradescantia when the irradiation was 
given at 0.25 and 0.1 r/min.; at the lowest dose rate, an increased frequency 
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of mitosis after irradiation was observed, an effect also reported for Chorto- 
phaga (62). Gartner & Peters (116) found higher dose rates of both x-rays 
and electrons more effective in suppressing mitosis in tissue cultures of chick- 
heart fibroblasts. Ultrafractionation of the dose decreased the efficiency for 
inhibiting mitosis in Vicia root-tip cells (187). 

Changes in oxygen concentration during irradiation were observed (117) 
to affect the degree of suppression of mitosis in Chortophaga neuroblasts, 
and, in addition, the rate of recovery from this effect. The changes observed 
under decreased oxygen concentrations could not be easily interpreted in 
terms of dose reduction alone. The rate of recovery from x-ray-induced mitot- 
ic inhibition in corneal epithelium has been shown (112) to be independent 
of x-ray energy (8 kv. to 240 kv.), intensity (6.5 r/min. to 430 r/min.), or 
oxygen concentration (5 per cent to 100 per cent). 

Mitotic inhibition and resulting accumulation of early prophase stages 
in x-irradiated tissue cultures of chick-heart fibroblasts have been studied 
by Peters (284, 286). Half-irradiated cultures showed less inhibition in the 
irradiated side than was observed in wholly irradiated cultures, while the 
unirradiated side showed some mitotic inhibition compared to the control. 
These results suggest the participation of indirect effects beyond the cellular 
level. Maleic hydrazide, which suppresses mitosis in all actively growing 
plant tissues, was observed to cause chromosome breakage only in plants 
with visible heterochromatin (232). These results argue against a direct 
relation between mitotic inhibition and chromosome breakage. 

A number of studies have demonstrated changes in irradiated micro- 
organisms related to division inhibition. Sarachek et al. find with increasing 
doses of x-rays (317) and ultraviolet (314) a decrease in the percentage of 
yeast cells that have budded after 3 hr. in the presence of nutrients. Complex 
relations between this parameter and dose for yeast cells of different ploidy 
are formulated and discussed. Burns (58) has studied division delay in x-ir- 
radiated yeast cells by directly observing the time required for individual 
cells to divide after irradiation. The average division time was found to in- 
crease with dose; a sublethal exposure of 10,000 r delayed division by as 
much as five generation times. Budding cells, which are much more resistant 
to x-ray-induced lethality (28), were also less susceptible to division delay. 

Changes in the growth curves of irradiated microorganisms have been 
observed by a number of investigators (33, 105, 177, 178, 185, 307); the most 
frequently observed changes were in duration of lag phase and in rate of 
growth during log phase. These changes may in part be related to division 
inhibition, although other effects such as lethality and mutation must be 
considered. Rubin (307) has shown that chronic irradiation of suspensions 
of E. coli at dose rates as high as 10,000 r/hr. is ineffectual in altering growth 
rate, final yield of cellular material, or its nucleic acid content. Mutation 
frequency was a function of dose alone, independent of the amount of growth 
occurring during irradiation. 

The enlargement of cells after irradiation is a well-known radiobiological 
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effect, generally attributed to a selective inhibition of cytoplasmic division, 
unaccompanied by an inhibition of growth. This increase in size after irradi- 
ation has recently been observed for a number of different cells, e.g., Chlorella 
(295, 297), yeast (340, 341), E. coli (105, 341), ascites tumor cells (197), and 
timothy root cells (55). 

The division stages in Arbacia eggs most delayed by ultraviolet were 
found (44) to be those preceding anaphase; only a slight delay could be de- 
tected between anaphase and cleavage. Division inhibition in ultraviolet- 
irradiated Arbacia eggs could not be reduced by subsequent exposure to 
visible light (43). Division delay in Paramecium induced by x-ray and nitro- 
gen mustard has been studied by Kimball e¢ al. (191). As with ultraviolet, 
the inhibiting effect was observed to extend through several postirradiation 
divisions. A number of studies mentioned elsewhere in this review have em- 
ployed division delay as one of the measures of radiation effects (72, 118, 
120, 158, 170, 192). An abnormal budding process in ultraviolet-irradiated 
yeast is described by Townsend & Sarachek (368). 


CHROMOSOMAL EFFECTS 


Since the preparation of the preceding article in this series (334) there 
have appeared a number of excellent critical and historical reviews of radia- 
tion-induced chromosome structural changes. Chromosomal effects in ir- 
radiated animal cells have been surveyed by Kaufmann (183). Giles (122) 
has presented a critical discussion of radiation-induced chromosome changes 
in Tradescantia. The general problem of chromosome breakage, both spon- 
taneous and induced, has been reviewed by Koller (199). A number of original 
contributions to this field are contained in the Symposium on Chromosome 
Breakage (73), and many of them are treated individually in the appropriate 
connections below. 

A review of the controversy regarding healing of broken chromosome ends 
has been presented by Muller & Herskowitz (262) along with new data relat- 
ing to this problem. These authors conclude (152, 262), on the basis of X- 
chromosome breakage experiments, that healing does not occur in Drosophila 
at a frequency detectable by present methods. The breakage of attached- 
X chromosomes had been proposed as an example of healing of broken ends. 
If this process involved only breakage followed by healing of the broken ends, 
the frequency of detachments would be expected to increase linearly with 
ray dose. A number of recent investigations (152, 203, 279, 280) have, how- 
ever, shown the frequency of detachments to increase as an exponent of the 
dose—as does the frequency of translocations. In the majority of cases, the 
breakage of attached-X chromosomes was accompanied by a translocation 
with the Y chromosome. Parker (280) has shown that in the absence of a Y 
chromosome, detachment is occasioned by X-4 translocations, and presents 
evidence of Y “protection” from this eventuality in the normally consti- 
tuted genome. 

Evidence of nonrandom reunion of broken chromosome ends has been 
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presented by Haas ef al. (139) and again discussed by Stone et al. (350). 
Among those translocations affecting four chromosomes, the relative fre- 
quency of ‘“‘two-and-two”’ translocations to those involving all four chromo- 
somes was much higher than would be expected on the basis of random re- 
joining. 

The distribution of induced breaks along the chromosome strand has 
been studied by a number of investigators. Revell (305) has compared the 
distribution of breaks in Vicia produced by x-rays with those produced by 
diepoxide, nitrogen mustard, and tertiary-butyl hydroperoxide. Whereas 
x-ray-induced breaks showed an apparently random distribution, the chemi- 
cally-induced breaks appeared to be largely localized in heterochromatic 
regions. A similar localized action of maleic hydrazide in heterochromatic 
portions of Vicia chromosomes has been reported by McLeish (232, 233). 
Localization of breakage in Drosophila X chromosomes has been observed 
by Fahmy & Bird (106) following treatments with diepoxide, triazine, or 
mustard gas. No significant differences in the distributions of breaks could 
be demonstrated. Barton (25) has shown both ultraviolet- and x-ray-induced 
breaks of tomato chromosomes to be highly localized in chromatic regions. 
Localization of breakage in heterochromatic zones of Cannabis sativa chro- 
mosomes have been demonstrated by Moutschen & Govaerts (259). Break- 
ages were most frequent near the centromere. Oehklers (278) has reported 
studies on the distribution of breaks induced by a variety of agents in mitotic 
and meiotic chromosomes. The distribution of spontaneous breaks differs 
most strikingly from randomness; breaks induced by inorganic salts and nu- 
cleic acid derivatives showed similar distributions, suggesting a possible 
origin of spontaneous mutations. 

Shattering of dry-pollen tube chromosomes of Tradescantia by ultraviolet 
has been reported by Lovelace (224). 

Dose fractionation, rate-—The fractionation of radiation doses has long 
been employed in studies of the breakage-reunion process. The reduced yield 
of 2-hit aberrations accompanying increases of fractionation interval is 
usually attributed to the decreased probability of coexistence of two breaks 
as a result of restitution during the fractionation interval. Bora (48, 49) has 
varied both fractionation interval and intensity in a study of the breakage- 
reunion process in Tradescantia. By extrapolation to instantaneous exposures, 
the minimum time for a break to remain open was found to be about 3.5 min., 
a figure which agrees well with previous estimates. The frequency of dicentric 
bridges induced in Gesonula punctifrons by y-rays was found (300) to be 
the same for doses delivered at 2.6 r/min. and 0.06 r/min. This lack of in- 
tensity effect was considered to be evidence against the necessity in this 
material of the coexistence of two breaks for the production of these normally 
2-hit aberrations. The production of pathological ana- and telophases and 
micronuclei in root-tip cells of Vicia faba was found to be independent of dose 
rate over the range 5 to 0.5 r/min. (285, 289). Koller (198) has studied the 
effect of very low-intensity x-rays on Tradescantia and has reported a reduced 
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frequency of chromatid and chromosome breakages and reunions that could 
not be attributed to restitution alone. Physiological effects, which can co- 
exist with chromosomal effects at sufficiently low dose rates, were considered 
to influence breakage and reunion frequency. 

Lane (209) and Haque (141) have offered new evidence in support of a 
secondary rise in aberration frequency with extended fractionation intervals, 
which they have interpreted in terms of recovery from a radiation-induced 
resistance to breakage. That these findings could not be confirmed by ex- 
tensive studies by other investigators (79, 318, 346), however, casts doubt 
on the view that induced resistance to breakage can explain the reduced 
yield of aberrations. Dose fractionation studies with neutrons (123) were 
considered as additional evidence against the views of Lane. 

Infrared treatment.—Investigation of the effect of combined x-ray and 
infrared treatment has been continued by Swanson et al. (354). The potenti- 
ating action of infrared pretreatment upon x-ray-induced chromosome aber- 
rations in Tradescantia was found to be associated with wave lengths centered 
around 0.95 to 0.97 uw. Young ef al. (396) were unable to demonstrate any 
increase in recessive lethal production in Drosophila by infrared pretreatment. 
Ives et al. (172) have attempted to demonstrate a potentiating effect of infra- 
red on crossing over in Drosophila. Although similar to low temperatures in 
extending the effective period of crossing over, infrared did not affect the 
cross-over rate. 

Temperature-—The influence of low temperatures on the induction of 
chromosome aberrations by radiation has received some specific considera- 
tion. Nybom et al. (277) have shown that x-ray damage induced in dry barley 
seeds—chromosome abnormalities, mutation, or effects on seedling growth— 
was less when the seeds were irradiated at —190°C. than at 25°C. A similar 
influence of low temperatures on seedling injury and chromosome aberrations 
has been reported by Nilan (271) for irradiation of dormant barley seeds at 
— 80°C. and 20°C. Mutation frequency, however, was the same at the two 
temperatures and was also independent of carbon dioxide or oxygen concen- 
tration during irradiation. The results were considered to show that the treat- 
ments did not affect primary x-ray damage, but only the reunion of broken 
ends. 

Kurabayashi (202) reports an increase in chromatid breaks and translo- 
cations in x-irradiated Paris tetraphylla resulting from postirradiation tem- 
perature treatment at 0°C. The reduced temperature was considered either 
to sensitize the chromosome to potential breaks, or to prolong the restitution 
process. A consideration of low-temperature effects is presented by Haas 
et al. (139) in connection with a detailed discussion of the direct and indirect 
effects of radiation and the involvement of oxygen in radiation action. 

Kind of radiation.—The relative biological effectiveness (RBE) of dif- 
ferent ionizing radiations in producing a wide variety of effects has been the 
subject of recent reviews by Zirkle (399), Boag (45), and Dittrich & Schubert 
(87). 
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Kirby-Smith & Daniels (194) have found 60-kev x-rays about twice as 
effective as Co® y-rays or 400-kev B-rays in producing chromosome aberra- 
tions in Tradescantia. These results are discussed in light of the relative ion 
densities produced by these radiations. Lewis (221) has reported medium- 
energy x-rays to be more effective than Co® y-rays in inducing chromosomal 
rearrangements in Drosophila. An approximately equal effectiveness of these 
two radiations has been reported for production of chromosome aberrations 
and pollen lethals in Datura (338, 395). No difference in effectiveness was 
found between 200-kev x-rays and fast electrons for production of transloca- 
tions (159) or breakage of ring chromosomes (52) in Drosophila. 

The determination of a practical RBE relating radiations whose dose-re- 
sponse curves indicate differences in kinetics must depend either upon com- 
parisons at arbitrary but standardized levels of effect, or upon detailed analy- 
sis of the response curves. This applies particularly to comparisons of the 
efficiencies of neutron and x-ray production of ‘‘2-hit” aberrations, for which 
the neutron dose-action curve is generally linear whereas the x-ray curve 
is ‘‘multihit’’; the RBE accordingly decreases with increasing dose. Interest 
in the relative effectiveness of these two radiations has increased considerably 
in the last two years, largely in connection with the 1953 nuclear detonation 
field tests (161). The production of chromosome translocations in Drosophila 
by neutrons and x-rays has recently been reported by a number of investiga- 
tors (221, 261, 349). Largely because of the different dose-response curves 
for translocation production by these two radiations, the RBE of neutrons 
relative to x-rays varied from 7.5 to 1.9 according to the level of effect chosen. 
Conger (66, 67) and Kirby-Smith & Swanson (195) have compared the 
effects of x-rays, y-rays, and fast neutrons upon Tradescantia chromosomes. 
The x-ray dose-response curve for deletions and exchanges was multihit; 
that of the neutrons was linear. For chromatid and isochromatid breaks, 
which are produced linearly with both x-rays and neutrons, an RBE of 13 
(neutrons: 250 kvp x-rays) was found. Spencer & Blakeslee (338), using the 
pollen lethal technique in Datura, have reported an RBE value for fast neu- 
trons relative to x-rays of 13 to 14. A similar effectiveness for neutrons was 
found by Yost ef al. (395) for induction of chromosome aberrations in Datura. 
The types of aberrations and number of aberrations per affected cell were 
the same for the two radiations. 

Spencer et al. (339) have examined the effects of thermal neutrons on 
Datura stramionium. These workers find no difference between thermal neu- 
trons and x-rays in the pollen lethality pattern of plants developing from 
treated seeds or in development of morphological abnormalities of such 
plants. Yost et al. (394) have continued these studies in a preliminary in- 
vestigation of the relation between chromosome aberrations and gene muta- 
tions. In the pollen abnormalities produced by thermal neutrons, those 
attributable to chromosome aberrations were greatly in excess of those pro- 
duced by gene mutation. Conger (65) has investigated the effect of slow neu- 
trons on aberration frequency in Tradescantia and has provided a basis on 
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which the effectiveness of this radiation may vary between cells or organ- 
isms. Slow neutrons are absorbed largely through capture reactions with 
boron, nitrogen, and hydrogen. Plants grown in high concentrations of boron 
yielded more chromosome aberrations than the controls. 

The effects of fast neutrons and x-rays on hexaploid wheat and diploid 
barley have been studied by MacKey (231). Nongenetic killing by x-rays 
precluded comparison of x-ray mutability in these plants. Neutrons were 
highly mutagenic to the hexaploid plants, a fact attributable to the relatively 
high tolerance of the plants for chromosome disturbances. 

Caldecott et al. (60) have continued the comparison of x-ray and thermal 
neutron damage in barley, with an analysis of the cytogenetic effects. Among 
the interesting results demonstrated were (a) the same linear realationship 
between interchanges and mutation frequency for neutrons and x-rays, and 
(6) an unexpected linear or approximately linear dose-effectiveness relation- 
ship for both radiations in producing mutations, bridges, and interchanges. 
An inverse relationship between x-ray sensitivity and water content of bar- 
ley seeds has been reported (59, 93). The action of neutrons was considered 
by Ehrenberg et al. (93) to be direct and to differ from that of x-rays in being 
independent of water content or oxygen concentration. An effectiveness of 
fast protons higher than expected on the basis of their linear energy transfer 
was observed for damage in barley seeds (94, 96). This discrepancy was at- 
tributed to a dissipation of part of the proton energy in lineastic collisions 
with the production of highly effective low-energy a@-particles and protons. 
Ehrenberg & Gustaffson (95) have reviewed the effects of ionizing radiations 
on barley. The ratio of isochromatid to chromatid breaks in Vicia faba 
chromosomes was found by Thoday (362) to be higher in material treated 
with a-particles than in that treated with x-rays. 

That the factor determining the relative biological effectiveness of an 
ionizing particle is not necessarily the type of particle, but the rate at which 
it loses energy along its path, is well-demonstrated by a recent report of 
Giles & Tobias (124). Cyclotron-generated deuterons and a-particles, and 
x-rays, all having approximately equal linear energy transfer, were found to 
be about equally effective in producing isochromatid aberrations in Trades- 
cantia. 

Gaseous atmosphere.—The role of oxygen in the production of chromo- 
some abnormalities by ionizing radiations has been the subject of many re- 
cent investigations. Some recent reviews pertinent to this area of inquiry are 
those of Barron (23, 24), Ehrenberg et al. (93), Giles (121), Lacassagne 
(206), and Patt (282). 

The interpretation of the ‘‘oxygen effect’’ on the production of chromo- 
some aberrations is still subject to considerable dispute. The more usual inter- 
pretation and the one consistent with much other radiobiological information 
[for discussion see Giles (121, 122)] is in terms of an increased production 
of oxidizing free radicals in the presence of oxygen, which in turn leads to 
an increased frequency of chromosome breakage—‘‘differential breakage.” 
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A number of investigations, however, appear to support the idea that the 
increased aberration frequency produced in the presence of oxygen results 
from a decreased probability of restitution of the breaks produced under 
these conditions—‘“‘differential reunion.’’ Swanson & Schwartz (353) have 
discussed these two interpretations and have presented additional evidence 
which they feel supports the ‘‘differential reunion” interpretation. A much 
lower reduction in frequency of chromatid deletions than of isochromatid 
deletions and chromatid exchanges was observed when Tradescantia was x- 
irradiated under anoxic conditions. It was reasoned that if oxygen simply 
influenced the number of primary breaks, the three forms of damage should 
respond similarly to its absence. Baker & Edington (19), studying the aerobic 
and anaerobic production of translocations and recessive lethals in Drosoph- 
ila, were unable to distinguish between these two interpretations. In a 
similar study (20), comparing the relative frequencies of dominant lethals 
induced in Drosophila, the reduction observed in the presence of nitrogen was 
less than would be expected solely on the basis of a reduced number of pri- 
mary breaks, a finding considered to support the differential-reunion hy- 
pothesis. Read (302) has considered the data of Baker and co-workers and 
concludes that they can be interpreted entirely in terms of a reduced fre- 
quency of primary breaks in the absence of oxygen. Liining (229) argues 
that these data as well as his own show the same reduction of recessive lethals 
as of chromosome breaks in nitrogen, and feels this to be more consistent with 
differential breakage than with differential restitution. Of interest in this 
controversy is the study of Kihlman (190), who has shown that 8-ethoxy- 
caffeine (an agent presumably not acting by formation of active radicals) 
produces more chromosome breaks in Allium cepa when applied in the pres- 
ence of oxygen. 

Wolff (385, 386) has reported a decrease in x-ray-induced aberration fre- 
quency in Vicia faba when the seeds are treated with BAL (2,3-dimercapto- 
propanol) prior to irradiation. This antioxidant, supposedly similar in action 
to anoxia, also occasions decreases in a radiation-induced reunion delay, an 
effect considered to “strengthen the hypothesis that the major effect of anoxia 
is on the restitution of broken chromosomes, rather than on the intial break- 
age.’’ Subsequently, however, as a result of a study (387) combining dose 
fractionation and BAL treatment, it was concluded that chromosome break- 
age and radiation-induced reunion delay are different and independent ef- 
fects, and that the difference in aberration yield caused by BAL reflects a 
difference in initial breakage. 

The production of abnormal anaphases in ascites tumor cells by x-rays 
was shown to be reduced about threefold when the cells were irradiated 
anaerobically [Conger, see (136)]. A much slighter “dose reduction” was af- 
forded by anoxia against fast neutrons. Other investigations showing a de- 
creased anoxic protection with more densely ionizing radiations are those of 
Ehrenburg et al. (93), Conger [see Giles (121)], and Forrsberg (107, 108). 
Nilan (271) reports an increased yield of aberrations in barley when the 
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seeds were irradiated in atmospheres of CO2 or Oz. At —80°C., however, 
these gases reduced the yield of aberrations. Schneiderman & King (324) find 
the response of Tradescantias irradiated with x-rays in atmospheres of CO, 
and Os indicates a synergism of the two gases. Both gases were considered to 
exert their influence on aberration yield through indirect action of the radia- 
tion. An extensive study of a number of modifiers on the x-ray sensitivity 
of Drosophila virilis has led Haas et al. (139) to conclude that indirect effects 
may account for more than 50 per cent of the observed genetic damage. Low 
temperature, dose rate, or atmospheres composed of various combinations 
of Oz, Ne, COz, and CO all influenced the yield of aberrations. These effects 
were attributed to changes influencing the formation or destruction of active 
radicals within the cell. 

The combined effects of centrifugation and anoxia on x-ray-induced 
two-hit aberrations in Tradescantia and Vicia have been studied by Wolff & 
Von Borstel (388). Centrifugation prior to irradiation reduced aberration 
frequency; centrifugation after irradiation but before restitution (3 to 4 
min.) increased aberration frequency. Irradiation in nitrogen resulted in a 
reduced yield of aberrations, but the frequency could not be increased by 
centrifugation. It was concluded that restitution of anaerobically-induced 
breaks occurs in a shorter time than that of those produced in air. 

Chemical modifiers —The modification of radiation-induced chromosome 
damage by chemicals has been considered in some recent reports. Wolff 
(386) has reported sodium hyposulfite and BAL to protect Vicia faba chro- 
mosomes against x-ray damage; cysteine, glutathione, and ascorbate were 
ineffective. None of the chemicals afforded protection over that provided 
by anoxia. Bridge and fragment formation in Allium cepa were shown (107, 
108) to be reduced about the same amount by cysteine and anoxia, although 
only a slight extra protection was afforded by cysteine to cells x-irradiated 
anaerobically. Cysteine protected much less against a-particle damage. 
Reductions in x-ray-induced chromosome damage in Tradescantia, brought 
about by cysteine, sodium hyposulfite, and sodium cyanide, have been re- 
ported by Mikaelsen (249). The protection afforded by sodium hyposulfite 
and BAL is considered to arise by competition for molecular oxygen, while 
cysteine is generally considered to act on toxins produced by aerobic decom- 
position of water. The role of sodium cyanide is more obscure, but its action 
may involve metabolic changes. 

Peters (285, 287, 288) has related the y-ray production of micronuclei 
in Vicia faba root tip cells to chromosome breakage, and finds their frequency 
to be increased considerably by postirradiation treatment with megaphen.*® 
Reinholz & Aurand (304) found no chemical protection against x-ray dam- 
age of plants in which considerable protection was afforded by anoxia. 

Action of chemicals on chromosomes.—Recent reviews and discussions 
relating to this subject are included in articles by Gray (135), Kihlman (188, 


§ Megaphen, as given by Peters, is N-(3’-Dimethylamino)-propyl-3-chlorpheno- 
thiazin, 
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189), and Stone et al. (350). A number of articles pertaining to the action of 
chemicals on chromosomes are included in the Symposium on Chromosome 
Breakage (73). 

The production of chromosome aberrations and recessive lethals in Droso- 
phila by nitrogen mustard and x-rays has been studied by Mehtab (244) and 
Nasrat et al. (267). A lower ratio of aberrations to recessive lethals following 
nitrogen mustard treatment was reported in both studies. The frequency of 
translocations was found (267) to increase approximately as the square of 
the frequency of recessive lethals for nitrogen mustard treatment. The rela- 
tive paucity of rearrangements following nitrogen mustard treatment was 
attributed to delayed opening of breaks and a reduced ability of the breaks 
to recombine. Revell (305) has studied the effects of x-rays, diepoxide, and 
nitrogen mustard on root cells of Vicia faba. The stage of maximum sensitivity 
to diepoxide and nitrogen mustard, as assayed by chromosomal effects, was 
found to correspond with the beginning of the resting phase of nuclear divi- 
sion, while that to x-rays was at the end of resting phase. Read (301) observed 
an earlier expression of growth delay in Vicia faba roots for x-ray than for 
nitrogen mustard treatment, which he correlated with this difference in 
stage of sensitivity. Allium cepa chromosomes were reported (190) to be most 
sensitive to breakage by 8-ethoxy-caffeine in the second half of interphase. 

McLeish (232, 233) has investigated the effects of maleic hydrazide and 
8-ethoxy-caffeine on the chromosomes of Vicia and has found both these 
agents to be similar to diepoxide in producing breaks largely in heterochroma- 
tin. Because of its structural similarity to the pyrimidines, maleic hydrazide 
is felt to operate indirectly through reaction or competition with pyrimidine- 
containing nucleic acid precursors. Breakage of Tradescantia chromosomes 
by ethylene oxide, ketene, and methyl chloride has been reported by Smith & 
Lotfy (331). It is interesting to note that, though ketene has been found to 
be ineffective in inducing reverse mutations in Neurospora, in keeping with 
its capacity as a mutachromosomic agent, it is still able to produce ‘‘for- 
ward” or “‘loss’’ mutations in this organism (201). 

Deysson & Truhaut (81, 82, 83) have investigated the possibility of chem- 
ical protection against damage by radiomimetic agents. Protection was af- 
forded by 6-mercaptoethylamine aganist nitrogen-mustard-induced damage 
although other protective agents tested were ineffective. The same authors 
have reported (84) a radiomimetic action of actinomyces C and D. Ribo- 
nuclease has been reported effective in inducing mitotic abnormalities in 
onion and lily root cells (184). The occurrence of mitotic abnormalities in 
Tradescantia that had been grown under magnesium or sulfate deficiencies 
has been reported by Steffensen (344, 345), a finding of additional interest 
in light of the work on the organization of chromosomes reported by Mazia 
(242). On the basis of solubilization studies Mazia has proposed that chromo- 
somes are composed of particulate units, containing both protein and DNA, 
and linked by bridges of divalent cations (Ca, Mg). 

Division stage, differentiation.—The relation of stage of division, meta- 
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bolic state, or degree of differentiation of a cell to its susceptibility to chromo- 
some damage has been considered in a number of recent studies. Many arti- 
cles pertinent to this section are included in the Symposium on Chromosome 
Breakage (73). Valuable discussions are included in a number of recent 
articles (135, 199, 260, 350). 

Darlington & LaCour (74) have analyzed and classified the different 
types of x-ray damage observed at meiosis in terms of the time in the division 
cycle at which they are incurred. The influence of division stage as well as 
of many other modifying conditions upon radiation effects are discussed by 
Thoday (361, 362). Evidence is presented (362) that chromosome duplica- 
tion in Vicia faba takes place at the same part of interphase as DNA syn- 
thesis (169). In the subsequent part of interphase, most radiation-induced 
chromatid breaks and exchanges are initiated. 

The production of subchromatid breaks in Lilium has been associated 
with irradiation at first meiotic metaphase (69); no such changes occurred 
following irradiation at pachytene. LaCour & Rutishauser (207, 208) have 
associated the production of this class of breaks in Scilla endosperm with 
irradiation at prophase rather than metaphase or interphase. The stage for 
production of subchromatid breaks was considered to correspond to the time 
of chromosome duplication. 

Timonen (364) finds Allium cepa cells, arrested in interphase by indole-3- 
acetic acid treatment, to be highly sensitive to chromosome breakage by 
x-irradiation. Differentiated cells were refractory to induced chromosome 
damage. The meiotic stages in maize have been shown to be ones of high 
radiosensitivity (328, 335). Meiotic cells of Tradescantia were shown (142) 
to be much more susceptible to physiological and structural changes induced 
by radiation than were postmeiotic cells. Revell (305) reports different stages 
of sensitivity to chromosome damage in Vicia, for diepoxide or x-ray treat- 
ment. Diepoxide is most effective in early resting states, x-rays, in late resting 
stages. 

The relative sensitivity of Drosophila sperm at different developmental 
stages has been investigated by several workers. Stone et al. (350) find the 
most sensitive stages for production of translocations and dominant lethals 
to be in early spermiogenesis, possibly at the end of meiosis. Auerbach (6, 8) 
has reported different stages of sensitivity for formaldehyde, nitrogen mus- 
tard, and x-ray treatments. The maximum sensitivity to x-rays for the pro- 
duction of translocations, large deletions, and recessive lethals was found to 
occur at late meiosis or early spermiogenesis. Spermatogonia and mature 
sperm were least sensitive. Increased sensitivity of aging sperm has been 
reported by Yanders (392) and Liining (228). Gross rearrangements resulting 
from irradiation of Drosophila females are reported (157, 262) to be more 
frequent from treated odcytes than from treated odgonia. More chromosome 
breakage in Drosophila sperm has been observed (228, 230) for irradiation in 
the impregnated female than in the male, perhaps attributable to a process 
similar to that which renders aged sperm more liable to breakage (228). 

Dominant lethals—Dominant lethals, because of possible connection 
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with chromosomal changes and because of the frequency with which they 
are similarly employed to study the effects of radiation, are considered in the 
section to follow. In those cases where both effects were studied the reader 
should refer to the parallel citations in foregoing sections. 

Russell e¢ a/. (310) find approximately the same effectiveness of cyclotron 
and atomic-test fast neutrons in inducing dominant lethals in the mouse. 
On the basis of the previously determined RBE of cyclotron neutrons in 
comparison to x-rays, the RBE of the test neutrons falls between 6.4 and 9.4. 
Baker & Von Halle (21) and Mickey (248) have compared the effectiveness of 
atomic-test neutrons with x-rays and cyclotron neutrons, using as an assay 
system dominant lethal production in Drosophila. Since the zygote survival 
curve for x-rays was not exponential like the neutron curves, the RBE was 
not constant but varied, as dose increased, from 7 to about 4, in essential 
agreement with the values obtained for mice (310) and for production of a 
number of classes of chromosome changes by fast neutrons (see corresponding 
section under chromosomal effects). 

Yanders (392) has studied x-ray-induced dominant lethals in Drosophila 
robusta. His results agree essentially with those reported for Drosophila 
melanogaster, in that the survival curves indicate a multiple-hit-type action. 
An effect of sperm age upon radiosensitivity similar to that reported by Baker 
& Von Halle (20) was also reported. The latter authors, as previously noted, 
employed dominant lethals in a study of the influence of oxygen on radiation 
effects. The frequency of dominant lethals and translocations in the prog- 
eny of x-irradiated Drosophila virilis males was shown to be a function of 
sperm age at the time of irradiation (350). The most sensitive stages for the 
production of the two types of damage did not coincide completely. Both 
effects were reduced by anoxia. 

Lefevre et al. (218) have studied the frequency of notch mutations in- 
duced by x-rays in normal, duplicated, and inverted x-chromosomes of D. 
melanogaster. Long deficiencies, including notch, behave as dominant lethals, 
but it was not certain whether one or two hits is required for their production. 
A simplified technique for dominant lethal studied in Drosophila has been 
presented by Telfer (359). McQuate (234) found no dominant lethals as the 
result of ultraviolet irradiation of male Drosophila. Kaplan & Lyon (181, 
182) observed no protection by B-mercaptoethylamine against x-ray pro- 
duction of dominant and recessive lethals in Drosophila and recessive lethals 
in the mouse, in agreement with the finding (14) that this compound protects 
mice against x-ray lethality primarily through the liver. 

Short exposures of nitrogen mustard were shown by Whiting & von 
Borstel (381) to produce high yields of dominant lethals in Habrobracon. 
Longer exposures decreased the yield of dominant lethals by increasing 
sperm inactivation. Nakao (266) has reported effects on silkworms that are 
attributed to an action of irradiated egg cytoplasm upon components of 
the sperm nucleus. 

Brown & Cave (53, 54, 64) have demonstrated the induction by x-rays 
of dominant lethals in Lilium. The seed sterility (close to 100 per cent at 
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4000 r) is associated with cytological abnormalities: large irregular nuclei 
(some of which are polyploid or polytene), micronuclei, and bridges. The 
sterility is attributed to mitotic failure resulting from these abnormalities. 

Chromosome effects and mutation.—The subject of the relation of muta- 
tion of chromosome breakage is still very much alive, and a considerable 
portion of the work involving the induction of mutation by radiations or 
radiomimetic agents has been overtly or tacitly addressed to this problem. 
Many of the papers to be discussed under this heading have been covered in 
preceding sections and therefore are referred to again only briefly. Mutation 
production in microorganisms has been discussed in an earlier section. The 
reader’s attention is called to a number of recent reviews and discussions of 
special interest in this topic (260, 309, 342, 350). 

Alexander (1) has measured the rate of mutation production at 8 autoso- 
mal loci of Drosophila. The rates for mature sperm varied from 2.7 X 1078 per 
r per locus to 8.75 X10-® per r per locus. A considerably lower spermato- 
gonial mutation rate was observed. This variation of sensitivity differs from 
that previously mentioned for production of chromosome aberrations (6, 8, 
350), for which early meiotic stages appear more sensitive than mature sperm. 
Alexander considers her mutation rate data to support Russell’s suggestion 
that radiation-induced mutation rates are higher in mice than in the fruit 
fly. Ives et al. (173), however, studying mutations in the F, generation of 
Drosophila, obtained an average value of 14 10-* per r per locus. Ives (171) 
concludes that, for the present, the mutation rates in the mouse and the 
fruit fly appear to be similar. Arguments are presented for limiting future 
comparisons of mutation rates to autosomal loci tested in the F;. Marquardt 
(240) has studied various results of irradiating Oenothera hookeri pollen (i.e. 
mutation, reduction of fertility, and chromosomal effect) and expresses 
similar reservations concerning methods of estimating radiation effective- 
ness that depends upon the viability and fertility of the postirradiation F; 
generations. 

Bonnier & Liining (47) find that sensitivity to x-ray induction of re- 
cessive lethals is like that to chromosome breakage (46, 230); it is greater in 
Drosophila sperm when irradiated in the impregnated female than when still 
in the male. Auerbach (6, 8) reports that the peak of susceptibility of Dro- 
sophila sperm to recessive lethal mutations is the same as for chromosome 
breakage (late meiosis or early spermiogenesis) in response to x-ray, nitrogen 
mustard, or formaldehyde treatments. 

Fahmy & Bird (106) report that the ratio of recessive lethals associated 
with rearrangements to those not so associated was highest for x-rays, much 
lower for triazine, and lowest for diepoxide. A similar higher ratio of trans- 
locations to recessive lethals for x-ray treatment than for nitrogen mustard 
treatment of Drosophila has been reported by Mehtab (244) and Nasrat 
et al. (267). McQuate (234) has found the ratio of breaks to recessive lethals 
induced in Drosophila by ultraviolet to be about one-half that observed after 
x-ray treatment. The ratio of deficiencies to translocations in tomato chro- 
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mosomes has been reported by Barton (25) to be higher for ultraviolet than 
for x-ray treatment. Dollinger (88) in a study of three loci in maize found 
that most of the x-ray- and y-ray-induced mutations studied were asso- 
ciated with loss of the pertinent chromomeres. 

Lewis & Crowe (220) present evidence of revertible x-ray as well as spon- 
taneous mutations in Oenothera and Prunus which they interpret in terms of 
previously demonstrated subchromatid breaks (207, 208). Scheibe & Bruns 
(320) and Bruns (56) have found x-ray induced mutations in clover to be 
generally expressed in variegated development. Their results are interpreted 
in terms of Marquardt (240), who has proposed an eightfold subdivision of 
the chromosome to account for postirradiation development of variegation. 
Somatic mutations induced in Ephistia are interpreted by Pohley (291) in 
terms of changes in chromosome subunits, followed in subsequent cell genera- 
tions by segregation of the mutant material. Discussions of delayed mutation 
and studies on the delayed phenotypic expression of genetic changes in 
microorganisms are included in a number of recent articles (7, 114, 205, 269, 
308, 311). 

Young et al. (396) found no potentiating effect of infrared posttreatment 
for recessive lethal production in x-irradiated Drosophila. In light of the po- 
tentiating action of this treatment on translocation frequency, these authors 
conclude that recessive lethals and chromosome breaks are unrelated in this 
organism. Differential effects on mutation and aberration frequency are 
observed when barley is irradiated at high and low temperatures (271, 277) 
and in the presence or absence of CO: or O: (271). 

Mickey (248) has compared the relative effectiveness of fast neutrons 
and x-rays for induction of visible and lethal mutations in Drosophila. Where- 
as considerable variation between different loci was observed, the average 
RBE for eight specific recessive visible loci was 4. The RBE for sex-linked 
lethals was 2, for domina:.t visibles and minutes from 3 to 22 and 5 to 11 re- 
spectively. Ives et al. (173), in a similar study, find an RBE of 3 to 4 for sex- 
linked lethals and autosomal visibles. 

Belitz (30) has analyzed spontaneous, chemical and fast-neutron-induced 
sex-linked lethals in Drosophila and finds their distribution along the chromo- 
some similar to those reported in earlier studies. An anomalous high effec- 
tiveness of fast protons for induction of chlorophyll mutations in barley seeds 
has been observed (94), an effect attributed to inelastic collisions suffered 
by the protons. Mutation production in 6n wheat and 2n barley has been 
studied by MacKey (231), using x-rays and neutrons. Nongenetic killing by 
x-rays precluded comparison of the two radiations with respect to genetic 
effects and their dependence upon ploidy. A preponderance of chromosomal 
over gene types of pollen lethals in Datura arising from thermal neutron 
treatment has been reported (338, 394). The same relative effectiveness of 
fast neutrons as of x-rays was observed for both types of damage, however 
(337, 395); this is taken as grounds for re-evaluating the basis of the pollen 
technique. 
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Caldecott et al. (60) have compared the effectiveness of x-rays and ther- 
mal neutrons in inducing a variety of effects in dormant barley seeds. The 
most striking relation was that between mutation and interchanges, a nearly 
linear function independent of dosage, kind of radiation, or degree of lethal- 
ity. The frequencies of chlorophyll mutants and chromosome interchanges 
were found to be approximately linear functions of x-ray and neutron dose. 
The dose-action curve for mutation production has been studied by a number 
of other investigators. Ray & Whiting (299) have obtained a curve for pro- 
duction of visible mutations in Mormionella which does not depart signifi- 
cantly from linearity. Mickey (248) and Ives et al. (173) report a linear 
relation for fast-neutron-induced sex-linked lethals in Drosophila; the possi- 
bility of nonlinearity in the case of visibles is noted (173). Muller et al. (263) 
observe a flattening of the dose-response curve at high x-ray doses. This 
result, after irradiation of Drosophila sperm in early developmental stages, 
was considered to be attributable to selective killing by chromosome break- 
age of the more mutable germ cells. A similar lack of proportionality in 
Drosophila was observed (264) between mutation rate and ultraviolet dose. 
This was considered to arise from unequal illumination of cells in the polar 
cap and hence selective killing of those mutated. Nonlinear mutation-versus- 
dose curves are discussed on the basis of heterogeneities, with respect either 
to doses received by, or to sensitivities of, the irradiated cells. 

Michaelis (246) and Michaelis & Kaplan (247) and King (193) have stud- 
ied the mutagenic action of incorporated B-emitting isotopes in Epilobium 
and Drosophila respectively. The mutagenicity of formaldehyde to Drosoph- 
ila sperm has been studied by a number of investigators (155, 156, 332). 
Altenburg (5) has demonstrated the mutagenicity of tertiary butyl hydro- 
peroxide when applied to eggs in the polar-cap stage. The mutagenic action 
of miracil and triethylene melamine has been investigated (30, 226). These 
agents appear to act on late stages of spermatogenesis. DDT [1,1,1-trichloro- 
2,2,-bis (p-chlorophenyl)-ethane] was found to be nonmutagenic for Drosoph- 
ila (227). 

Sparrow & Singleton (335) and Singleton (327) have studied the effect of 
chronic gamma irradiation on growing plants and find a nonlinear relation- 
ship between mutation frequency and dose rate. A threshold dose rate was 
necessary in order to exceed the spontaneous mutation rate in maize (327). 
On the basis of field testing with chronic irradiation it was suggested (333) 
that plants with large chromosomes are in general more radiosensitive. 
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REMOVAL OF RADIOELEMENTS FROM 
THE MAMMALIAN BODY! 


By Jack SCHUBERT 


Division of Biological and Medical Research, Argonne National Laboratory, 
Lemont, Illinois 


INTRODUCTION 


The lethal effects of radioactive isotopes were shown early in 1904 by 
Pierre Curie and two medical colleagues (1). They exposed experimental 
animals to atmospheres of radon and found that death followed in a matter 
of hours. In the same experiment Curie demonstrated by means of radio- 
autographs that the radioactive daughters of radon were present to varying 
extents in all the tissues; it is now known that these contribute to the radio- 
toxicological effects. 

Probably the first death in a human from acute radioactive poisoning 
was reported by Gudzent in 1912 (2). A 58-year-old woman suffering from 
arthritis was given frequent injections during a 16-day period of large 
amounts of Ra™‘ (thorium X). It was hoped that the radium injections 
would cure her arthritis. Instead she died 26 days after her last injection 
with the typical symptoms of radiation sickness including bloody stools, 
hemorrhages, and diarrhea. 

Radioactive isotopes when swallowed, inhaled, or injected may cause 
acute or chronic injury or death solely because of the ionizing radiation 
emitted by these isotopes within the body. Radioactive poisoning of a chronic 
type is a slow insidious disease in which a person is usually in good health 
for many years before detectable symptoms occur. The resulting injuries 
include various types of anemias, leukemia, crippling lesions of the bone, 
and bone tumors. Thousands of individuals have suffered injuries or death 
from chronic radioactive poisoning. 

Radioactive substances can produce injury when either outside or inside 
the body. However, external irradiation is easily avoided by removal of the 
source or by surrounding the radioisotope with sufficient shielding. When the 
radioisotope is contained in the body it constitutes a far greater hazard be- 
cause the internal tissues are irradiated continuously until the isotope is 
eliminated in the urine and feces, or else loses its radioactivity by natural 
decay. The most dangerous radioisotopes are those retained in the body for 


1 Inasmuch as there have been no previous reviews of this subject published in 
this journal or elsewhere, I have taken the liberty of going back to the earliest litera- 
ture and bringing the subject up to the present. This review also includes interpreta- 
tive material which has not been published heretofore. The survey of literature per- 
taining to this review was concluded in July, 1955. I am particularly indebted to 
Dr. Marcia White Rosenthal who has given freely of her time to correct and edit 
this article. Responsibility for any errors of omission or commission is the author's. 
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periods of years and which possess half-lives ranging from a few months to 
thousands of years. 

Until 1939 radioactive poisoning in humans was caused almost entirely 
by radon (Rn), and three naturally occurring isotopes of radium:radium 
(Ra*”), mesothorium (Ra**), and thorium X (Ra). The discovery of 
nuclear fission and chain-reacting piles resulted in a tremendous increase in 
both the kinds and amounts of potentially hazardous radioisotopes. Consider 
the following facts: The production of radium from the time of its discovery 
in 1898 to the present totals about one and a half kilograms or 1500 curies. 
Death or injury from pure radium (Ra™®*) retained in the body has been 
observed with as little as 0.5 microcurie. Nuclear reactors now produce 
hundreds of different radioactive isotopes in meagacurie amounts (3). In 
1954 the United States Atomic Energy Commission shipped 15,000 curies of 
radioisotopes from Oak Ridge to be used in research, industry, and medicine. 

In Table I are listed those radioactive elements which are the most serious 
health hazards in atomic energy operations, both from the standpoint of 
quantities available and amount of use. The health problems associated with 
these elements exist potentially for miners and millers of uranium and other 
radioactive ores, personnel of atomic energy plants, residents of areas in 


TABLE I 


POTENTIALLY HARMFUL RADIOACTIVE ELEMENTS ENCOUNTERED 
IN ATOMIC ENERGY OPERATIONS* 











Principal 
Chemical Fission radiation 
Element bol yield in Half-life emitted as 
— per cent internal 
hazard 
Plutonium Pu*s9 — 24,360 y a 
Radium Ra%é _— 1,622 y a 
Radon Rn” — 3.825 d a 
Polonium Poo — 138 d a 
Iodine [iat _— 8.1d B- 
Cobalt Cos? _— 5.3 y B- 
Phosphorus pz — 14.3d B- 
Carbon Cc — 5600 y s- 
Promethium Pm"? 2.6 2.6y p- 
Cerium Ce 6.0 282 d B- 
Cesium Cs}37 5.9 33 y "i 
Ruthenium Ru! 0.4 1.0y p~ 
Strontium Sr% 5.8 28 y s- 





* Data on fission yields and half-lives of fission products provided by L. E. Glen- 
denin and E. P. Steinberg, Personal communication. The half-lives of the other 
elements are taken from the tables by Hollander, Perlman & Seaborg (4). 
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which radioactive sewage and wastes are released, people administering 
or receiving radioactive isotopes and x-rays in medicine, and users of radio- 
active isotopes in research and industry. Industrial uses where health hazards 
may exist include the preparation and application of luminous paints, static 
eliminators, and gas mantles made from thorium and the use of radiation 
sources for food and pharmaceutical sterilization (5). 

Despite the widespread and increasing handling of radioisotopes it is 
possible to handle even megacurie amounts safely if suitable precautions are 
taken. However, even under the best conditions, accidents can and do hap- 
pen. As a result, radioactive isotopes gain entrance into the body by inges- 
tion, inhalation, or by injection into the bloodstream usually through the 
broken skin. 

The necessity for the development of methods of treating radioactive 
poisoning—particularly the chronic type—is demonstrated by the fact that 
even in the past decade significant, though not necessarily harmful, levels of 
radioisotopes have gained entrance into numerous individuals, including the 
following cases: (a) a group of uranium miners were reported in 1954 to have 
accumulated in the body polonium (Po?!*) derived from daughter products of 
radon deposited in the lung (6); (6) in 1953 it was reported that in 27 indi- 
viduals the body levels of plutonium (Pu) ranged from 0.1 to 1.2 ug. (7); (c) 
strontium (Sr®) was inhaled during a laboratory operation (8); (d) radium 
sulfate dust was inhaled by a total of seven persons in three different acci- 
dents (8, 9, 10); (e) a solution of radium salts was injected intravenously 
during a suicidal attempt (10). 


SCOPE OF PAPER 


In most cases, the radioelements with which we are concerned are metals, 
so that this discussion is limited mainly to poisoning by radioactive metals. 
Effective treatment for chemical poisoning by metals is available in many 
cases. Successful treatment, however, for persons who have accumulated 
radioactive metals in the body is still severely limited except in the earliest 
stages after exposure. It is our intention to discuss: (a) similarities and differ- 
ences in approach inherent in the treatment of nonradioactive metal and 
radioactive metal poisons; (b) the potential advantages and disadvantages of 
different treatments; and (c) new or untried possibilities for treatment. 


GENERAL APPROACHES TO TREATMENT 


By treatment we mean the prevention, elimination, or alleviation of the 
harmful effects caused by a poisonous substance. In the treatment of radio- 
active poisoning we must deal with many interrelated factors. 

Once the route of entry into the body and chemical nature of the poison- 
ous substance is known, then choice of treatment is partially governed by a 
time element. Immediately after exposure the object of treatment is to 
minimize absorption of the posion into the bloodstream. After absorption of 
a nonradioactive poisonous metal one can either hasten its rate of elimination 
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from the body or inactivate the poison in situ so that it can no longer react 
with surrounding tissue. However, with radioactive poisons the main object 
is to accelerate excretion or possibly in acute cases to shift the radioelement 
from radiosensitive to less radiosensitive organs. However, from the chronic 
standpoint all tissues may be roughly equivalent in susceptibility to radia- 
tion effects. Since it is impossible to change the radioactive properties, treat- 
ment by inactivation in situ is not practical. A treatment designed to remove 
a radioisotope from the body may either remove it from various organs or 
may only cause the excretion of the circulating fractions. It is always helpful 
to determine the total amount of a radioisotope in the blood just before the 
onset of treatment. 

In the sections to follow the problems of treatment are described in 
more detail. It is well to emphasize that no one treatment can always be 
generally applied, but the proper treatment must be evaluated in each case; 
good treatment for one case may be harmful in another, even though the 
same poison is involved. One must take into consideration factors such as the 
chemical nature of the metal poison, route of entry into the body, age and 
health of the patient, time elapsed after exposure, and other factors which 
will become evident. 

The treatment of chronic radioactive poisoning is an extremely difficult 
problem because the excretion rate of the radioiosotope is very low—0.002 
per cent a day or less in many cases. Even if one induces a tenfold increase in 
the rate of elimination, the actual amounts retained in the body remain 
essentially unchanged. In order to reduce appreciably the deposits in the 
body, treatment for chronic cases would have to be maintained for several 
years. This presents may practical problems such as cooperation of the pa- 
tient and the effects of prolonged treatment on health. 

The chances of reducing the body content of a radioisotope are far 
greater in the early stages after exposure. During the first few weeks after 
exposure it is generally found that significant fractions of the deposited 
radioisotopes are present in the soft tissues and bloodstream from which 
they are more readily mobilized than from the bone. Also those fractions in 
the bone, at least in the case of radium and the other alkaline earths, are 
more readily mobilized at this time. This was explained by Aub et al. as 
follows (11): 

At first, a heavy metal is stored largely in the bone trabeculae, there being from 
10 to 16 times as much per gram in the trabeculae as in the cortex of the bone. During 
the following months there is a redistribution and the concentration becomes equal 
in both trabeculae and cortex. Because the cortex is far heavier than the trabeculae, 
this means that most of the radium is stored in cortical bone. . . . The wide distribu- 
tion in soft-tissues and then the accumulation in the bones implies considerable circu- 
lation in the blood and, therefore, a chance for rapid excretion. The first large storage 
in the trabeculae (where inorganic salts are readily deposited and also readily liber- 
ated), would allow a continued though less rapid excretion. When the radium 
finally accumulates in the cortex, it is to be expected that excretion would be slow and 
relatively poorly influenced by therapy. 
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A striking illustration of the transport of calcium and lead from trabec- 
ulae and cortex in animals has been reported recently by Aub ef al. (12). In 
these experiments alizarin staining was used to follow calcium metabolism, 
while lead distribution was followed with radiolead. 

It is not certain, however, that a significant degree of translocation of 
radioisotopes from the trabeculae to the cortex occurs in adult humans. 
Radioautographs of bones in humans taken 20 or more years after exposure 
show highly concentrated deposits of radium in trabecular bone (13). Fur- 
ther, the deposition of an a-emitting isotope tends to destroy the trabeculae 
(14). 


TREATMENT BY MINIMIZATION OF ABSORPTION OF 
THE RADIOELEMENT 


ORAL INGESTION 


Treatment after oral ingestion of a radioelement must start as soon as 
possible. If results from experiments on rats can be extrapolated to man, the 
only way to minimize absorption of soluble radioisotopes, such as radio- 
strontium, is to start treatment immediately. Treatment is ineffective if 
begun only 10 min. after ingestion (15). After oral ingestion, there are three 
obvious appreaches to treatment: (a) use of an emetic; (6) minimization of 
absorption from the gastrointestinal tract by the use of precipitating agents, 
and (c) hastening elimination of the radioactive element by the use of 
selected cathartics. A knowledge of the chemical properties of radioactive 
elements is extremely important when choosing a suitable precipitating agent. 

In the case of elements which form insoluble hydroxides at physiological 
pH, treatment, except for a cathartic, may not be needed because the degree 
of absorption from the gastrointestinal tract is very small. In the case of 
plutonium and the rare earths, for example, absorption is usually less than 
0.01 per cent. Therefore, for Pu, Po, Ce (cerium), and Pm (promethium), 
the use of precipitating agents can probably be omitted. When very large 
amounts are swallowed it might be advisable to decrease the solubility of 
the radioistope by raising the pH of the gastric juice by oral ingestion of non- 
systemic antacids such as magnesium oxide, Sippy powders, or aluminum 
hydroxide. An antacid in combination with a cathartic would appear to be 
the best approach. In the case of the rare earth elements which are more 
soluble than plutonium, it is possible that oxalate-containing foods such as 
rhubarb and spinach or a finely divided carboxylic type cation exchange 
resin such as Amberlite IRC-50? may bind the radioisotopes. In cases of 
oral ingestion it may be advisable to avoid the use of chelating agents which 
would increase the solubility of the metal. Nonspecific ion exchange absor- 


* Produced by Rohm and Haas Co., Washington Square, Philadelphia, Pennsyl- 
vania (U.S.A.). The resins are available in low cross-linked forms which undergo 
considerable swelling in solution. The bulk furnished by the swelled resins may in- 
crease the efficiency of removal of the radioisotope from the gastrointestinal tract. 
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bents such as insoluble zirconium salts might be of value (see section on 
colloidal carriers). 

The alkaline earth group of elements is absorbed to a significant extent 
from the gastrointestinal tract. Since Ra and Sr form insoluble sulfates, the 
treatment of choice would appear to be magnesium sulfate in combination 
with a laxative and possibly an antacid as well. In rats, MacDonald and 
associates (16) have shown that oral ingestion of magnesium sulfate by rats 
immediately following the administration by stomach tube of strontium as 
Sr*° decreased the skeletal accumulation of Sr®* from 16 per cent to 5 per cent. 
Also effective were the ammonium salt of an amidopolyphosphate and car- 
boxylic type cation exchange resins. Certain substances including powdered 
milk actually enhanced the absorption of Sr** from the stomach. The chelat- 
ing agent, ethylenediaminetetraacetic acid (EDTA) was ineffective. 

Copp & Greenberg (15) found that a 5 per cent suspension of tricalcium 
phosphate in 12} per cent disodium phophate solution reduced intestinal 
absorption of Sr only when given immediately after the Sr. None of the fol- 
lowing orally administered agents were effective when given 10 min. after 
the ingestion of radiostrontium by rats: carrier strontium, magnesium 
sulfate, sodium silicate, sodium bicarbonate, or disodium phosphate. 

Experiments with rats have indicated that the maintenance of a high 
level of calcium intake decreases absorption of Sr and presumably Ra from 
the stomach (17). 


INHALATION 


The inhalation of soluble forms of radium and strontium is nearly equiv- 
alent to an intravenous injection. Absorption from the lungs is so rapid that 
treatment is largely similar to that required following injection into the 
bloodstream. However, the upper nasal passages do retain some of the 
radioisotope. In one case (8) where a human inhaled Sr®°Cl, from an aqueous 
solution, the upper nasal passages were sprayed with 0.25 per cent neo- 
synephrine solution with the thought that vasoconstriction might lessen 
absorption and that shrinkage of the mucous membranes would facilitate a 
thorough washing. The nasal passages were then washed out with large 
quantities of isotonic saline solution. About 95 per cent of the Sr®° retained 
in the nose region appeared to have been removed. The use of nasal swabs to 
remove material clinging to the nasal hairs before irrigation should be valu- 
able. However, most of the inhaled Sr® was absorbed as shown by high 
urine counts. 

Following inhalation of insoluble types of radioactive elements extent 
of retention in the lungs depends on the particle size of the inhaled substance. 
The first step in treatment of fractions retained in the lung is the thorough 
use of a nasal swab (7). In addition it appears advisable to administer a 
laxative, as was done by Rajewsky & Muth (10), because a large amount 
of the insoluble material in the lungs is propelled to the mouth, swallowed, 
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and excreted in the feces. The use of expectorants may also help to hasten 
elimination. 

Drugs which enhance macrophage movements might accelerate the 
elimination of insoluble particles from the lungs. Easton (18) claims to have 
accelerated the elimination of intravenously-injected thorium dioxide de- 
posited in the lungs of mice. He used carbon tetrachloride—obviously im- 
practical for humans—as a general accelerator of macrophage movements. 

The biological half-life of insoluble substances in the lungs may be 
months. During this time a slow absorption of the radioelement from the 
lungs to the bloodstream occurs (19). In such an event it would be helpful if 
the excretion of the circulating radioisotope could be increased. For Pu and 
the rare earth elements, at least, this could probably be done by periodic 
intravenous administration of a combination of zirconium citrate and 
ethylenediaminetetraacetic acid as is described later. However, the useful- 
ness of these agents in such cases is difficult to assess without experimental 
evidence. 

PUNCTURE OF SKIN 


Following puncture of the skin with an object contaminated with radio- 
isotopes one can only minimize absorption of the fraction retained at the 
puncture site. Excision and irrigation of the wound site appear most prac- 
tical. Details of the treatment of contaminated wounds are given by Hatha- 
way & Finkel (20). 


TREATMENT AFTER RADIOISOTOPES ARE ABSORBED 
INTO THE BODY 


DECALCIFICATION THERAPY—INTERFERENCE WITH 
CatciumM METABOLISM 


In 1926 Aub & Minot (see 21) postulated that lead metabolism in the 
body parallels that of calcium and that the circulation of lead could be 
controlled by influencing calcium metabolism in the bone. The metabolism 
of the alkaline earths including radium and strontium is also very similar 
to that of calcium. Consequently it occurred to Flinn in 1926 (22) that the 
decalcification techniques of Aub could increase the excretion of radium. 
He treated three patients with parathormone extract which he claimed in- 
creased radium excretion in patients who had accumulated radium in their 
bodies several years previously. 

In 1931 Flinn (23) attempted to cause repair of radium-produced necrotic 
bone by the administration of viosterol. Since viosterol presumably promotes 
the laying down of calcium on the bone, Flinn was surprised to find, accord- 
ing to his measurements, that as much as 75 per cent of radium in the body 
was removed. 

The observations of Flinn were not confirmed in studies on four radium 
dial painters made by Craver & Schlundt (24). They found that viosterol 
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plus a high calcium diet produced no increase in radium elimination but that 
the administration of parathyroid extract with a low calcium diet produced 
about a 50 per cent increase in radium elimination during the period of 
treatment. 

The definitive, classical study of the effects of alterations in calcium 
metabolism on radium excretion in human subjects was made by Aub and 
co-workers (11). It was pointed out—and rightly so—that the assay tech- 
niques of Flinn were not reliable and that the doses of parathyroid employed 
by Craver & Schlundt were not large enough to affect calcium metabolism 
sufficiently. 

In a carefully controlled series of experiments on three patients Aub et al. 
(11) found that decalcification therapy increased the urinary excretion of 
radium four- to eightfold. Treatment consisted of a low calcium diet plus 
ammonium chloride, thyroid extract, and parathyroid extract. Magnesium 
gluconate administration also raised the excretion of radium in proportion 
to its effect on calcium excretion. 

One case did not respond to parathyroid extract. The explanation given 
(11) was that “her osteoclasts were sufficiently damaged so that they were 
unable to respond to the normal stimulus of parathyroid extract, and were, 
therefore, unable to liberate bone salts.” 

When the patients were placed on a high calcium diet with no medica- 
tion the calcium excretion returned to a very low level but the radium 
excretion continued high. It was thought that this might have been caused 
by previous administration of Vitamin D. It isimportant to note that radium 
excretion does not always parallel the change in calcium excretion. The 
excretion of radium does not change as rapidly as that of calcium. One reason 
given by Aub et al. is that when radium is liberated from bone some is stored 
in the soft tissues. The rate of elimination from soft tissues, as observed in 
acute cases of radium exposure, is continuously high. 

Decalcification therapy has been tried in experimental animals in at- 
tempts to promote the excretion of strontium. Small increases in excretion 
rate were observed but these were at too low a rate to have any appreciable 
effect on the residue left in the body(17). A low-calcium diet unaccompanied 
by other medication such as ammonium chloride administration appears to 
have little value for increasing removal of radioactive alkaline earth metals. 
In one experiment (25) a group of rats were injected with Ca“ and placed 
on a diet adequate in phosphate but very low in calcium. In these animals 
the excretion of Ca“ was actually reduced. In human subjects, Aub et al. (11) 
also found that the sole use of a low-calcium diet had no effect on radium 
excretion. These findings are reasonable when it is considered that the body 
on a low-calcium but adequate phosphate diet attempts to conserve its store 
of calcium. 

No effect at all of decalcification therapies has been observed on the 
excretion rates of plutonium and the rare earth elements (19). Many experi- 
ments have shown that the uptake and excretion of Pu and the rare earths 
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are unaffected by age of the animal, or by alterations in the degree of mineral- 
ization of the bone. Even in bones of rats which are demineralized to the 
point where the bone contained only one-fourth of the bone salt normally 
present, no effect on the retention of injected Pu, Yttrium(Y), or Ce is found 
(17). In the same experiment, when the rats were placed on a phosphate- 
deficient diet immediaely after injection of the radioisotope, the body reten- 
tion of Sr was reduced from 76 per cent to only 26 per cent. Similar findings 
were reported in comprehensive reports by Van Middlesworth (26) and Copp 
and co-workers (25). 

In summary, decalcification therapy is capable of increasing the elimina- 
tion rate of radium and presumably of strontium in acute and chronic 
poisoning. In acute exposures to Ra and Sr the increases in elimination 
caused by decalcification therapy could lower the body content appreciably. 
However, such therapy appears impractical in the treatment of chronic 
poisoning because treatment can be given only for limited periods, so that 
the net depletion of body content of a radioisotope is insignificant. Decalcifi- 
cation therapy has no effect on the retention or excretion of plutonium and 
rare earth elements. There is no conclusive evidence to show that decalcifi- 
cation therapy might be useful clinically independent of its possible effect 
on the elimination of radioisotopes. 


COMPLEXING OR CHELATING AGENTS 


Introduction.—When a metal is complexed by different chemical com- 
pounds, usually organic in nature, a poorly dissociated molecule is formed. 
When the complexed metal becomes bound with the ligand in such a manner 
as to become part of a ring system it is called a chelate. We will use the 
terms complex and chelate interchangeably, though the term complex is 
broader; i.e., all chelates are complexes, but not all complexes are chelates, 

A chelated metal ion does not undergo its normal chemical reactions 
except with substances which may possess a stronger affinity for the metal 
ion that than possessed by the original chelating agent. If the chelate is in- 
soluble and nondiffusible it prevents the injurious effects of the metal ion in 
the animal body. If the chelate is water-soluble and readily diffusible it is 
readily excreted. Consequently, there are two rationales for the use of com- 
plexing agents in the treatment of metal poisoning: (a) the complexing agent 
selectively combines in situ with the toxic metal without removal, or (0) it 
removes the metal ion from combination with cellular constituents with 
subsequent elimination of the complexed metal from the body. Only the 
latter is useful in the treatment of radioactive metal poisons. 

Historical notes——In general, only the earliest papers are mentioned in 
this section. The more recent literature is covered in those sections in which 
specific results are described. 

In the treatment of chemical metal toxicity, many investigators in the 
past had used complexing agents but for reasons other than their ability to 
react directly with the metal. The deliberate use of complexing agents be- 
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cause of their metal binding properties for the treatment of heavy metal 
poisoning was begun just fifteen years ago, in 1940. 

During the war years the British developed 2,3-dimercaptopropanol 
called BAL (British anti-lewisite) to control the harmful effects of arsenical 
war gases (27, 27a). BAL was subsequently used successfully for the treat- 
ment of poisoning by those heavy metals, including arsenic, mercury, and 
bismuth, which apparently exert their toxic actions through combination 
with the thiol groups in enzyme proteins. BAL competes successfuly for the 
—SH groups through the formation of a chelate (see Table II). The BAL- 
metal combination is readily excreted. 

About the same time BAL was employed, Kety (28, 29, 30) attempted to 
treat lead poisoning by the administration of sodium citrate. He observed 
that lead forms a fairly strong complex ion with citric acid and measured the 
stability of the complex ion (29). It occurred to him that the phenomenon of 
complex formation ‘‘might be applicable to the problem of dissolving the in- 
soluble lead compounds of the body tissues, making more lead available for 
excretion with no increase in lead ion concentration.”’ (29). 

In recent years there has become commonly available an extremely 
powerful group of chelating agents—the polyamino acids. One of the most 
noted of these agents is ethylendiaminetetraacetic acid (EDTA), shown in 
Table II. This compound forms especially strong chelates with polyvalent 
cations. The resulting chelates are water soluble and un-ionized. As early as 
1942 biological experiments were carried out with EDTA when its ability 
to inhibit blood coagulation in vitro by complexing calcium was studied 
(31). In 1949 Bersworth suggested that EDTA be used for removing metals 
from the body (see 32, p. 509). It has been found that EDTA causes marked 
increases in excretion of several metals. It has been especially successful for 
the treatment of lead poisoning (32, pp. 506-10; 33). 

Probably the first deliberate attempts to remove radioisotopes from the 
body by means of complexing agents were made in Chicago beginning about 
1945 (34, 35). Painter et al. (34, pp. 50-56) used oral and intravenous ad- 
ministration of sodium citrate in an attempt to accelerate plutonium excre- 
tion from dogs injected 53 days previously with plutonium. Their reason for 
the use of sodium citrate was that “plutonium might be dislodged from the 
tissues by formation of plutonium citrate complex in the blood and subse- 
quent excretion.”” A 35 per cent increase in the urinary excretion of pluto- 
nium was observed during the period of intravenous administration of sodium 
citrate. Experiments by Schubert (35) showed that administration of sodium 
citrate within 2 hr. after plutonium injection raised the urinary excretion of 
Pu several fold. It was pointed out (35) that ‘“‘the action of sodium citrate in 
promoting the excretion of plutonium can be attributed to its ability to in- 
crease the diffusibility of plutonium and thus facilitate its clearance through 
the kidney.” With regard to the therapy of radioisotope poisoning in general 
its was stated (36) that ‘“‘the use of complexing agents... may be of... 
value for removing these radioelements with which they form very stable 
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complex ions.’’ In other studies early administration of sodium citrate was 
found to enhance excretion of thorium and strontium (37). 

Sodium citrate has certain disadvantages for use as a complexing agent. 
It is rapidly metabolized and in addition it does not generally bind metal 
ions under physiological conditions as strongly as would appear desirable. 

It was only natural that the chelating agent BAL be tried for the treat- 
ment of poisoning with radioactive elements. In 1947 Weikel & Lorenz (38) 
employed BAL in the hope that it would enhance the excretion of radium 
from mice previously injected with radium salts. In work published in 1953 
(39), but performed several years earlier (40), Kawin & Copp investigated 
the effects of BAL on plutonium excretion in rats. From chemical considera- 
tions (based, for example, on reactivity with sulfide ions, S~) one would 
anticipate that BAL would not affect Ra and Pu excretion because these 
elements do not react appreciably with sulfhydryl groups, and, indeed, no 
effect was found. However, in the case of polonium (Po), which does react 
strongly with BAL, marked increases in Po excretion were observed in inves- 
tigations begun early in 1949 by Hursh (41, 42, 43). 

In 1949 Scott, Crowley & Foreman in Hamilton’s laboratory at the Uni- 
versity of California made a survey of the effect of different chelating agents 
on the metabolism of radioisotopes of the rare earths (44). The chelating 
agents tested included citrate, ascorbic acid, nicotinic acid, picolinic acid, 
isothiopropionic acid, carboxyethyl sulfide, glutathione, cholic acid, dithio- 
carbanyl, EDTA, SAL, creatine, and in a few cases combinations of two 
chelating agents. Of all the agents tried, EDTA appeared the most promising 
in promoting excretion. These studies were continued by Foreman (45) 
and extended to cerium and plutonium by Foreman & Hamilton (46). 

Considerations involved in the use of chelating agents to increase excretion of 
metals.—The potential effectiveness of a chelating agent in accelerating excre- 
tion of a radioisotope im vivo can be evaluated in part from chemical consid- 
erations: (a) affinity of chelating agent for the radioisotope; (b) affinity of 
chelating agent for Ca**, (c) hydrolytic reactions of the radioisotope; and 
(d) affinity of radioisotope for cellular constituents. It is desirable that the 
chelating agent (a) form chelates which are water soluble and readily 
diffusible; (6) does not react with normal body constituents, especially cal- 
cium (if possible); (c) be of low toxicity; (d) possess high absorption when 
taken orally; and that it (e) be not metabolized. 

In practice, no one chelating agent meets all the requirements. It is not 
possible to evaluate quantitatively all the various factors listed above. How- 
ever, some deductions of value can be made from the known formation 
quotients, i.e., equilibrium constants (Table III) between the chelating 
agent and metal ions. The ultimate criterion for success of a chelating agent 
is the extent and rapidity with which it safely removes absorbed radioiso- 
topes from the body. 

There are at present principally three chelating agents which have been 
widely used for treatment of either clinical or experimental metal poisoning. 
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TABLE III 


FORMATION QUOTIENTS INVOLVING EDTA ANp CITRIC 
Acip wITH METAL Ions* 
Formation Quotient (log Ky) 




















Ke= (M Ke) 
t(M)(Ke) 

Metal EDTA | Ref. | Citrate | Ref. Metal EDTA | Ref. 
Nat 1.66 | (32) one — || caan 16.4 | (32) 
Lit 2.79 | (32) oni — || La (III) 14.7. | (47) 
Mg*+ 8.69 | (32) | 3.2 | (32) |] Ce (In 15.4 | (47) 
Ca++ 10.7 | (32) | 3.16 | (49) || Pr CIID) 15.75 | (47) 
Sr++ 8.63 | (32) | 2.85 | (49) || Sm (IID) 16.55 | (47) 
Batt 7.76 (32) 2.54 (50) Eu (IIT) 16.7 (47) 
Ratt 7.07 —_ 2.36 (50) Gd (III) 16.7 (47) 
Pb (II) 18.2 (32) 5.75 (29) Tb (III) 17.4 (47) 
Cu (II) 18.3 (32) 14.2 (32) Dy (II) 17.75 (47) 
Fe (IT) 14.15 (32) Y (III) cy Bh (47) 
Fe (III) 25 (32) Pu (IV) 244 (48) 
Fe (OH)++ | 2.8 | (32) Th (IV) 23+ (48) 
Co (II) 16.1 | (32) 




















* The quoted values of the formation quotient, Ky, are under conditions of ionic 
strength, 0.1 to 0.16, and temperature of 25°C. M and Ke represent the molar con- 
centrations of the metal and chelate, respectively. 

{ These values are estimated. 


These are EDTA, BAL, and sodium citrate. Of these, EDTA is the most 
successful in removing rare earths and transuranic elements, while BAL is 
effective for the removal of polonium, at least under acute experimental 
conditions. At present, citrates do not appear as promising, mainly because 
they are rapidly metabolized. 

It is particularly important that in the treatment of radioactive poison- 
ing with chelating agents, the amounts administered at a given time be as 
high as possible. Doses too small can actually result in higher levels de- 
posited in bone than would be the case in the absence of the chelating 
agent. When Y (51) or lanthanum (La) are chelated with small amounts of 
EDTA (1 to 5 mg.) enhanced bone deposition is observed. In the case of 
La’, for example, the injection into mice of La™® with about 1 mg. of 
Na-EDTA resulted in a bone retention of 7.1 per cent of the injected dose 
of La™° compared to 3.0 per cent when La™°Cl; was injected alone (52). 
This result is explained by the increased diffusibility of the chelated La, 
shown by the marked decrease in La content in the liver of the La-EDTA- 
injected rats. In addition, the binding of bone for La is strong so that higher 
concentrations of EDTA are necessary for effective treatment. 
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Ethylenediaminetetraacetic acid (EDTA); considerations based on chelation 
constanis.—As is seen in Table III, EDTA forms chelates of exceptional 
stability. However, since it reacts very strongly with serum calcium it is 
usually administered as the calcium chelate so as to avoid hypocalcemia. 
In order for EDTA to combine with a cation M, it is necessary for M to dis- 
place Ca** from this chelate. Therefore, in order for EDTA to be highly 
effective in removing a metal, the metal should possess a binding affinity 
for EDTA greater than that of calcium for EDTA. Taking the simplest 
possible example, the reaction can be written: 


CaV +M=MV+Ca I 


where V represents molar concentration of EDTA, and Ca that of the 
ionized calcium. The calcium chelate of EDTA, CaYV, is of course CaV™. We 
will, however, omit the charges on ions for simplicity unless necessary for 
clarity. 

The equilibrium quotient, Kg, for reaction I is: 


_(MV)(Ca) _ Kuv 


SS ee OE II 
* (M)(CaV) Keay 
where ‘ 
(MV) 
imy = ———— III 
“wy (MV) 
and 
(CaV) 
Kev = == IV 
mr (Ca)(V) 
Writing equation II in log form we have 
log Kg = log Kuv — log Kcav. Vv 


Since log Keay = 10.7, the value of Kyy must be large indeed. Rearranging 
equation II we have 
(MV) _ Kuv x (CaV) 
(M) Kew (Ca) 








VI 


For practical purposes it is convenient to modify equation VI by eliminating 
(CaV). Disregarding the small amount of V bound by M we have, where total 
V= V2: 





V = V; — CaV. VII 
From equation IV we have that 
CaV 
~ KeayCa 
Substituting into equation VII and rearranging we find: 
CaV V Keav 


pee ce VIII 
Ca 1+ (Ca) Keay 
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We can simplify further because (Ca) X Kcay>>1 as can be seen from the fact 
that in blood serum the value of ionized Ca is about 1.3X10-*M while 
Kecav = 10-7, Hence 

(CaV) Lg 

(Ca) Ca 





Equation VI thus becomes: 
_ MV) | Kur) Wo, 
~ (M) ~~ Keav “* (Ca) 
The important point for therapy is to obtain as high as possible a ratio 
of chelated M to unchelated M, i.e., Ryy>>1. This is done by maintaining 
as high and constant a blood level of EDTA as possible, i.e., high V;. In the 
case of the rare earths the values of Kyy vary from 10:7 for La to 10174 
for Y (Table III). The value of V; 1 hr. after intravenous administration 
of 2.5 gm. of Na,XCaEDTA (M.W. = 374) is about 50 mg. per liter of plasma 
or .050/374=0.00013 M. The latter part of equation IX becomes 


(Vi) 1.3104 | 
(Ca) 131073 | 


IX 





Ruv 


and, hence, for La we have 
LaV 10%4:7 


Ta jour % 0-1 = 1000. 


With such a large ratio for the rare earth which binds the most weakly 
with EDTA, one would not expect much difference in the effect of EDTA on 
excretion of the different rare earths. This is not the case. 

Equation IX overlooks at least three other factors which become of 
extreme importance in the net value of Ryy. These are the hydrolysis of M, 
the reactions between M and body constituents such as proteins, and the 
reactions between the hydroxylated forms of M and the chelating agent. 
Hydrolysis is of particular importance when dealing with trivalent and 
tetravalent elements. Consider the following possible reactions: 


CaV + MOH = MV + Ca+ OH- xX 
CaV + MOH = (M(OH)V) + Ca XI 

and 
CaV + LaP = LaV + CaP, XII 


where P represents the binding by those substances present in the body. 

Consequently, the net value of the over-all equilibrium quotient resulting 
from the reaction between a metal, M, and the chelating agent, V, obtained 
by combining equations I, X, XI, and XII is 


log Kg = 3 log Kuv + log Kuouyv) + log Kcap 
- (4 log Kcav log Kup + log Kwon). XIII 
Keeping in mind that (H+) (OH~) = Kw=10-"; (CaP) = Kcap(Ca) (P); 
and the ratio of chelated M to nonchelated M, 
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Penveres (MV)*(M(OH)V) 
“v (M)(MOH)*(MP) 
the expression for Ryy becomes 
(Kuv)*K atconyv) (= ) (H*) 
Ruv = x{—)xX . XIV 
MY (Keav)*KuouKurKw Ca (P) 


A rough estimate of Ryy can be attempted. Consider the rare earth La, 
for example. From Table III the value of log Kyay =14.7, log Keay =10.7, 
log Kiaon)tt=5.6 as given in reference (47), Kup 210°, V:/Ca=0.1, 
Ht+=10~-7. Log (La(OH)V) is taken to be of the order of 3 based on the 
value for(Fe(OH) V) given inTableIII. These give a value of Rray 2(10~*/P), 
while for yttrium, Ryy =(10*/P), a factor of about 107. 

The efficiency of EDTA for one rare earth relative to another, i.e., 
Ruyw/Ruw is nearly proportional to Ky/Kmu,y because the values of 
Kmu,on) =Kvw,0n), Ku,p=Kuyp and Ki, ompy) =K ony): For example, 
the difference in stability between the hydroxide of La, the lightest rare 
earth, La(OH)** and that of the heaviest, Lu(OH)* is only a factor of 
10, while the corresponding difference between LaV~ and LuV7~ is nearly 
a factor of 100,000 (actually 10*-*)—a reflection of chelation involving 
polydentate ligands® (47). 

It is found that under identical conditions EDTA is, indeed, more effec- 
tive against the heavier rare earths than the lighter. With an element like 
Pu(IV) the situation is more complicated. The very high value of log 
Kpuy = 24 is counterbalanced by the hydrolysis of Pu(IV) to form a nearly 
completely hydroxylated compound at physiological pH, with concomitant 
polymerization. 

The equations presented in this section indicate that under physiological 
conditions the effectiveness of EDTA can only be improved by increasing 
the amount of EDTA administered. A better chelating agent, all other 
factors being equal, would be one which would chelate nearly as strongly 
as EDTA with trivalent and tetravalent radioisotopes but which would not 
react with calcium. This would provide at least a factor of 10!°-7 improvement 


8 This is explained by Wheelwright, Spedding & Schwartzenbach (47) as follows: 

“Larger differences between individual rare earths must be expected in cases of 
chelating agents in comparison to simple ligands such as OH™~ groups. A polydentate 
complexing agent possesses a number of ligand atoms which are donated to the metal 
cation during complex formation. Each of these will be bound more firmly by the 
cation of a heavier member, in comparison to the cation of a lighter member. All of 
these differences are cumulative in arriving at the stability constants of the two 
chelate complexes, the logarithms of which are proportional to the free energies to 
be gained during the addition of the whole polydendate group to the two cations to 
be compared. In the case of a simple complex such as M(OH)** one water molecule 
is replaced by OH~ during complex formation. In the case of MY~ probably all the 
water molecules of the hydrated cation are expelled and replaced by the atoms of the 
hexadentate agent Y~‘. This explains the comparatively large differences between the 
individual rare earth cations.” 
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in the over-all chelating efficiency as can be seen from the equations. We are 
now exploring such a possibility. 

Metabolism and toxicity of EDTA.—The metabolism of C*-labeled 
EDTA has been studied in rats and humans (53, 54). In both species most 
of the EDTA passes through the body unchanged after parenteral adminis- 
tration. It mixes rapidly with nearly all the body water but does not enter 
the red blood cells and only very slowly passes the blood-spinal fluid barrier. 
One hour after intravenous injection to humans 50 per cent is excreted, and 
within 8 hr. nearly all is eliminated in the urine. The half-time of disappear- 
ance from the blood is 1 hr. After oral administration about 90 per cent is 
eliminated in the feces within two to three days. Absorption after oral 
administration continues for at least 18 hr. Total absorption reaches a maxi- 
mum of about 5 per cent, as judged by the amounts appearing in the urine. 
Maximum absorption from the skin is about 0.001 per cent. 

The acute and subacute toxicity of EDTA has been extensively reviewed 
(55). As the sodium salt, relatively small doses of 20 to 50 mg./kg. produce 
death in dogs because of hypocalcemia. Approximately 1 gm. per hr. can be 
administered by infusion to humans. However, when administered combined 
with an equivalent amount of calcium ion, EDTA is relatively nontoxic. In 
treatment of radioactive poisoning, EDTA is administered as the calcium 
salt. Dogs can tolerate as much as 4.0 gm./kg. in a single intravenous injec- 
tion. In humans, following exposure to plutonium, at least 2.5 gm. of Ca- 
EDTA have been given in 250 cc. of saline by slow intravenous drip twice 
daily (56). When given orally at levels of 30 mg./kg. some patients have 
nausea and abdominal cramps. 

When high levels are given regularly by intravenous administration, 
kidney damage may occur. In four of five cases treated with Na-EDTA kid- 
ney damage has been reported upon autopsy (57). In at least two of these 
it is believed that death was the result of severe kidney damage induced by 
repeated injections of Na-EDTA (57). Evidence of kidney damage following 
the administration of repeated large amounts of Ca-EDTA has been re- 
ported in rats and humans (58). Foreman states, however, that this damage 
following repeated injections of Ca-EDTA is reversible and can be prevented 
by allowing a few days to elapse after a series of injections (58). His tentative 
recommendations when long term treatment may be required are to inject 
once or twice daily by slow intravenous drip for five days, followed by two 
days of rest, and so on. 

Effect of EDTA on plutonium and lanthanum excretion in humans.—A 
technician at Los Alamos cut herself deeply with glass contaminated with a 
solution of Pu (NOs3)4 in 14 HNO; (56). This was probably equivalent to an 
intravenous injection. From the urinary excretion curve it was estimated 
that she received 25,000 to 30,000 disintegrations per min. (d.p.m.) of 


‘Ca-EDTA as Calcium Disodium Versenate® for injection is available commer- 
cially as a very stable, sterile solution from Riker Laboratories, Los Angeles, 
California. 
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Pu®®, When her urinary excretion of Pu had dropped to 12 d.p.m. per day 
she was given 2.5 gm. of Ca-EDTA in 250 cc. of saline, slowly by intravenous 
drip twice daily. A striking rise in Pu excretion from 12 to 1,300 d.p.m. 
resulted. The effect of EDTA decreased on subsequent days, but it was 
estimated that in 16 days of treatment about 20 to 25 per cent of the Pu 
had been removed, in large part from the tissues. This is reasonable assump- 
tion because the amounts of Pu excreted exceeded the total amount in the 
circulating blood at the time treatment was given, as can be deduced from 
data on metabolism of Pu in humans (59). The patient developed symptoms 
of kidney damage presumably caused by the EDTA. 

A second test of Ca-EDTA was made in a chemist who had been exposed 
to Pu seven years previously (56). His body burden was estimated to be 1.2 
pg. Treatment during a 5-day period with as much as 5 gm. of Ca-EDTA 
daily produced an average increase of Pu excretion of tenfold over pretreat- 
ment levels. This case illustrates the difficulties of treating chronic radio- 
isotope poisoning. In the first place treatment has to be given for months 
or years in order to reduce appreciably the body burden of Pu. Secondly, 
during this period the tissues are receiving continued radiation so that even 
if all the Pu could be removed at the end of, say, five or ten years—a most 
unlikely event—the patient might not be spared lesions or malignancies. 

The effect of EDTA on lanthanum metabolism in humans illustrates 
some interesting points. A tracer dose of La'® as the EDTA complex was 
injected intravenously into a human (60). The concentration of EDTA was 
not specified but may be surmised from a previous publication (52) to be 
a few milligrams. After 48 hr. only 5 per cent of the injected La was ex- 
creted. At that time 4 gm. of Ca-EDTA in 500 ml. of a 5 per cent solution 
of glucose was infused in 3 hr. A sharp rise in La™® excretion was observed. 
By the fifth day post injection urinary excretion dropped to negligible 
levels. A 7-hour infusion of 8 gm. of Ca-EDTA in 1000 ml. of glucose solution 
again raised La excretion, but only one-fifth as high as the previous maxi- 
mum. 

In a second study, in an effort to ascertain the maximum possible in- 
crease in excretion of La™°, Ca-EDTA was administered prior to, and simul- 
taneously with, the La'#°-EDTA injection. A prior dose of 3 gm. of Ca-EDTA 
in 300 ml. glucose solution was infused in 2.5 hr. and was followed by a 1.5- 
hr. infusion containing La-EDTA in 2 gm. of Ca-EDTA. Even in this case 
the total excretion of La in the first day was only 37 per cent, most of which 
occurred in the first four hours. 

These results with lanthanum are reasonably interpreted by equations 
I to XIV. Since La is relatively weakly bound by EDTA it is necessary that 
the concentration of EDTA in the blood be high. Even when La-EDTA is 
injected simultaneously with several grams of EDTA the ratio of (LaV) 
/(La) = Rx, is insufficient to allow more than about one-third of the La to 
be excreted. If the reactions are amenable to the laws of mass action, a 
1000-fold reduction in EDTA concentration, as is the case when La-EDTA 
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alone was injected, had the effect of reducing Rr, to the point where, for 
practical purposes, it is as if uncomplexed La was injected. This, indeed, 
was observed in an experiment in which La as LaCl; was injected (60). 
Approximately 5 per cent of the injected dose was excreted by the kidneys, 
as was the case following the injection of La-EDTA. This illustrates the 
importance of the binding strength of a metal with a chelating agent in 
the effectiveness of the latter; a low value of Kyy indicates that a large, 
possibly toxic, amount of the chelating agent is necessary to remove a sig- 
nificant quantity of the radioelement. 

In the case of yttrium, the affinity for EDTA is approximately 400 
times that of lanthanum. This is equivalent insofar as Ryy is concerned to 
a 10’ excess of EDTA. Consequently it would be expected that EDTA would 
be effective even orally in Y poisoning and be more effective in increasing 
excretion of yttrium than lanthanum. An illustration of this is shown in ex- 
perimental animals. Following the injection of uncomplexed Y as YCl; into 
rats, the urinary excretion in 24 hr. was about 5 per cent, which is the same 
as obtained in the case of La, as would be expected from the nearly identical 
chemical behavior of rare earth ions at physiological pH. However, when 
therapeutic doses of EDTA are injected simultaneously with the Y approxi- 
mately 70 per cent of the Y is excreted in 24 hr. (44) compared to only 37 
per cent of La. Thus, a 400-fold increase in the value of Kyy—at least for 
rare earths—results in a twofold decrease in body retention when EDTA is 
given simultaneously with the rare earth. It would be of particular interest 
to learn if quantitative predictions for other rare earths can be made from 
this ratio. 

Effects of EDTA on excretion and tissue distribution of radioisotopes in 
experimental animals.—In general, EDTA can be expected to show varying 
degrees of effect in removing elements whose Kyy exceeds that of calcium. 
This includes all the rare earths, plutonium, and the transuranic elements. 
The relative effectiveness of EDTA with the trivalent transuranic elements 
such as americium (Am) and curium (Cm) can be expected to parallel the 
rare earths. From electronic and chemical observations it is known, for ex- 
ample, that the rare earth counterpart of Am is europium (Eu), and that 
of Cm is gadolinium (Gd) (61). A summary of published studies on the effects 
of EDTA on the metabolism of several different radioisotopes is given in 
Table IV. 

Even under the most favorable conditions, EDTA alone or in combina- 
tion with BAL, has no effect on the excretion of Sr®® from rats (67) or rabbits 
(68a). Since Ra and Ba react more weakly with EDTA (Table III) than 
does calcium, it is not expected that the excretion of these alkaline earths 
would be modified by EDTA. 

The most striking effects of EDTA are obtained when it is administered 
soon after exposure. In the case of Am (III), for instance, EDTA forms a 
chelate whose stability constant log Kamy is at least 16.7. A single injection 
of 100 mg. of Ca-EDTA to rats (~400 mg./kg.) given intraperitoneally 
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TABLE IV 


PUBLISHED STUDIES ON THE REMOVAL OF RADIOISOTOPES FROM MAMMALS BY THE 
UsE oF ZIRCONIUM SALTS AND THE CHELATING AGENTS— 
ETHYLENEDIAMINETETRAACETATE, CITRATE, AND BAL 














Experimental Therapeutic Routes of Radioisotopes — 
animal agents tested administration* involved 
Rat Ca-EDTA L.V., I.P., oral Pus (62) 
Rat Ca-EDTA 
Zr Citrate LP. Pu” (78) 
Zr Malate 
Zr+Ca-EDTA 
Rat Ca-EDTA 1.V., I.P., I.M., Pu, Y%, Am*! (63) 
oral 
Rat Ca-EDTA 
Zr Citrate LP. il (79) 
Zr+Ca-EDTA 
Rat Ca-EDTA I.P., I.M., oral Pu, yo (64) 
Ca Citrate 
Rat Ca-EDTA I.P., I.M., oral Pu, Y91, Celts (65) 
Rat, rabbit Ca-EDTA, Na-EDTA I.P. yu (66, 68a) 
Rat, rabbit Ca-EDTA+BAL I.P., I.M. Sr8990 (67, 68a) 
Rat Na-EDTA I.P., oral Mixed fission (68) 
Zr Citrate products (255 
Na-EDTA+42Zr Citrate days old) 
Na Citrate 
Man Ca-EDTA LV. Latte (60) 
Man Na-EDTA LV. Cats (69) 
Man Ca-EDTA I.V. Pu%9 (56) 
Man Zr Malate LV. Pu%9 (70) 
Rat Zr Citrate, Na Citrate I.P. Pu, Y% (35, 36, 73, 74) 
Rat Zr Citrate, Na Citrate L.P. Th230, Sr8990 (37) 
Rat Zr Citrate 1.P. Pu? (75) 
Rat Zr Citrate, Na Citrate I.P. Pu, Y%, Nb®%, (40) 
Sr89:90, Cel 
Rat Zr Citrate LP. Am*41 (77) 
Rat Zr Citrate LP. Pu%?, Y% (40) 
+Parathormone 
Dog Zr Citrate 1.V. Pu (36, 76) 
Dog Na Citrate 1.V., oral Pu%9 (34) 
Rat BAL I.M. Po2t0 (41, 42) 
Rat BAL I.M. Pus? (39, 40) 
Mouse BAL Subcut. Ras (38) 
Mouse BAL I.M. Sr, ps2, (71, 72) 
Ra*4 (ThX) 
Rabbits BAL I.M. Ra*4 (ThX) (72) 
* I.V. =intravenous. I.P. =intraperitoneally. I.M. =intramuscular. 


30 min. after intravenous injection of Am™! results in a 25 per cent excretion 
in the urine within 24 hr., compared to 1 per cent in the untreated rats during 
the same period. Several days later the animals were fed a diet containing 
3 per cent Ca-EDTA. This caused the urinary excretion to increase five- 
to ten times over the control levels (63). It must be kept in mind that these 
doses of Ca-EDTA are much higher than would be administered to humans. 
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In the case of yttrium (log Kyy =17.5), a single intravenous injection of 
20 mg. (80 mg./kg.) of Ca-EDTA in rats given 2 hr. after intravenous in- 
jection of YCl; in isotonic saline at pH 6 (63, 64) caused an excretion of 67 
per cent of the Y in the urine at the end of 24 hr., compared with 25 to 30 
per cent in untreated controls. When EDTA is administered on the twenti- 
eth through twenty-third days after Y injection, the urinary excretion of Y 
rises from a pretreatment level of 0.07 per cent per day to as much as 0.7 
per cent—a tenfold increase. Of interest is the fact that Ca-EDTA when 
given by stomach tube increases Y excretion—a reflection of the large Kyy 
compensating for the low degree of absorption of Ca-EDTA. 

The most striking effect on Y excretion by EDTA occurs when EDTA is 
given before the Y (66). Rats were first given an intraperitoneal injection of 
10 mg. of Na-EDTA followed 15 min. later by 50 mg. of Ca-EDTA. One 
hour after the injection of Ca-EDTA the animals were injected intraperi- 
toneally with carrier-free Y®Cl;. Three days later they were sacrificed. The 
treated rats excreted a total of 93.3 per cent of the injected Y* compared 
to 25.3 per cent by the controls. Skeletal retention was only 3.9 per cent com- 
pared to 58.0 per cent in the controls. 

The time relationships between EDTA and Y injections are important. 
Results of intraperitoneal injection of Ca-EDTA a 1/2 hr. before Y should 
not differ significantly from those of 1 hr. because the concentrations of 
EDTA in the blood and body water are nearly equal at 1/2 and 1 hr. (53). 
However, if EDTA is administered 3 hr. before Y, a sharp reduction in the 
urinary excretion of Y and an increase in skeletal deposition would be ex- 
pected because the blood level of EDTA is from five to ten times less than 
at the 1-hr. point. The effect of time of EDTA administration on the skeletal 
concentration of Y is given in reference (66). EDTA is less effective in de- 
creasing the skeletal concentration of Y when given 3 hr. after Y injection 
than after 1/2 or 1 hr. This is easily explained by the fact that the concen- 
tration of Y in the skeleton in untreated animals is about 15 to 20 per cent 
at 1/2 hr. and increases to about 40 per cent of the injected dose at 3 hr. 
(80). The increased urinary excretion obtained by EDTA administration at 
3 hr. or earlier is evidently only partly derived from the skeleton. 

As is to be expected, there is a minimum effective dose of EDTA, even 
for radioisotopes such as Pu which have a high Kyy with EDTA. A dose of 
8 mg./kg. of Ca-EDTA is too small to affect significantly the excretion of 
Pu even when administered simultaneously (62). It is conceivable that doses 
this small could cause a higher retention of Pu in the skeleton as was dis- 
cussed earlier in the cases of Y and La. On the other hand, the effectiveness 
of sufficient Ca-EDTA is independent of Pu concentration, at least in ex- 
periments (79) in which the molar ratio of Ca-EDTA to Pu varied from 
about 310° to 310*—a factor of 10° in range of Pu concentration. 

The importance of Kyy is shown in an experiment involving rats in- 
jected with Ce™ (III), log Kay=15.4. When Ca-EDTA (~100 mg./kg.) 
was injected intraperitoneally 18 hr. after intravenous administration of 
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CeCl; in a neutral isotonic solution containing citrate, the urinary excretion 
was increased only about three times the control level (from ~3 per cent 
to 9 per cent in 24 hr.). When Ca-EDTA was given on the thirteenth 
through the seventeenth day in doses of 200 mg./kg. twice daily there was 
scarcely any increase in Ce excretion over the control levels (65). Under 
similar conditions the excretion of Pu and Y enhanced about tenfold. 

When EDTA is administered as a therapy for poisoning by elements with 
which it reacts only moderately, such as with Ce, then early administration, 
or even administration prior to the injection of the radioisotope produces 
relatively small effects. For example, rats were injected with mixed fission 
products (MFP) 255 days old. The principal fission products were Zr, 
Cel, Sr8%-9°, Y%, and Pr’. Under optimal conditions of treatment, EDTA- 
treated rats excreted 40 to 50 per cent as compared to 35 per cent by the 
controls. The skeleton of EDTA-treated rats contained 25 per cent of the 
injected dose of MFP compared to 30 per cent in the controls. More informa- 
tion on these experiments (68) is given in Table VII (see page 401) in which 
the effects of EDTA and zirconium salts are compared. Little effect is ex- 
pected with praseodymium, Pr, because of a relatively low binding capacity 
for EDTA (log Kpyw = 15.75). 

An important question is whether prolonged treatment with EDTA can 
remove radioisotopes once they are fixed in the body, particularly in the 
skeleton. Partial answers are provided in experiments in which administra- 
tion of EDTA is begun at least two weeks after the intravenous injection of 
the radioisotope. In Table V are tabulated the results of such experiments on 
the effects of Ca-EDTA on Pu excretion and retention in the skeleton and 
liver. It will be noted that a single massive injection of Ca-EDTA given 30 
days after Pu has no effect. However, if Ca-EDTA is given daily for one 
month or for a total of 30 injections starting a month after Pu injection, a 
substantial increase in total excretion is observed and skeletal deposition is 
reduced from 56 per cent of the injected dose of Pu to 41 per cent. Even 
under optimum conditions the skeletal deposition of Pu can only be reduced 
a maximum of somewhat less than twofold (Table V). These results do not 
appear to offer much hope for those cases of chronic poisoning in which 
treatment is delayed for a year or more. 

In similar delayed treatment experiments with Y, Cohn et al. (66) began 
treatment of rats 14 days after Y injection. Rats were injected daily, until 
sacrificed 29 days after Y injection, with 10 mg. of Na-EDTA followed at 
varying times during the day by 50 mg. of Ca-EDTA. The treated rats ex- 
creted 17 per cent of the Y during the treatment as compared to 4.5 per cent 
in the controls. The increased amount of Y excreted appeared to be nearly 
all derived from the skeleton since the treated rats had 48 per cent in the 
skeleton compared to 62 per cent in the controls. 

Vaughan & Tutt (68a) have shown that the effect of EDTA on yttrium 
excretion in rabbits is greater in young than in old animals. If the EDTA is 
given immediately after injection of yttrium the skeletal burden is reduced 
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appreciably in both age groups, but if it is given two weeks later the effect 
in the older animals is slight. 

These differences may be explained by assuming that chelation occurs with the 
yttrium present in the blood-stream immediately after injection or released to the 
blood-stream by the normal process of resorption. The great reduction of Y® in the 
lower end of the metaphyseal trabeculae of young rabbits treated with versene 
(EDTA) for 9 days compared with the control suggests that the isotope is removed 
from areas of high metabolic activity associated with a good blood-supply. In old 
animals metabolic activity in the bone is slight and little yttrium is released to the 
blood-stream. The skeletal burden is therefore not appreciably reduced. (68a). 


This explanation appears valid and has significance generally in the problem 
of treating chronic radioactive poisoning. 

Several investigators have reported that administration of EDTA as 
often as four times daily is no more effective than one dose (66, 68a). This 
finding is not unexpected since the effectiveness of EDTA is dependent pri- 
marily on the blood-level of the radioisotope. Following a single dose of 
EDTA the blood-level of a radioisotope is reduced to a very low level and 
only gradually increases to a level commensurate with the body burden. 

It is claimed (66), that the use of Na-EDTA followed by Ca-EDTA 
helps to improve the final results. This is explained on the basis that the 
decalcifying action of the tetrasodium salt of EDTA causes some dissolution 
of bone resulting in a release of calcium from the bone and a simultaneous 
release into the blood of bone-fixed yttrium. This explanation does not ap- 
pear tenable. First, the results may not be unique because no controls were 
included in which Ca-EDTA alone was administered. Secondly, it has been 
thoroughly demonstrated that the uptake and release of yttrium by the 
bone is independent of the degree of calcification or decalcification of bone 
(17). Finally, a survey of the urinary excretion of Y in experiments in which 
Ca-EDTA alone was administered with that in which Na-EDTA and Ca- 
EDTA were given indicates no significant differences [references in Table 
IV, especially (68a)]. 

The use of Ca-EDTA in combination with zirconium salts in treatment 
of radioelement poisoning is discussed later. 

Effect of 2,3 dimercaptopropanol (BAL) on excretion and distribution of 
radioisotopes—Administration of BAL to experimental animals previously 
injected with radium (38, 72), strontium (71), phosphorus (71), plutonium 
(39), or yttrium (44) does not affect the distribution or excretion of these 
elements. No effect would be expected since, as mentioned earlier, these 
elements do not react with sulfhydryl compounds to any appreciable ex- 
tent. Polonium, on the other hand, belongs to a family of elements which 
react strongly with sulfhydryl groupings. 

Hursh (42) administered BAL to rats previously injected intravenously 
with a solution of polonium chloride at pH 6.5. The BAL was injected intra- 
muscularly beginning 1 hr. after Po*° administration in a 10 per cent solu- 
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tion in peanut oil. Three doses each of 0.04 ml. were given per day for three 
days. The rats were sacrificed 10 days after receiving Po. The urinary excre- 
tion for the 10-day period was increased from 0.64 to 1.39 per cent—a factor 
of two. The fecal excretion was increased from 25.1 to 52.1 per cent. The Po 
levels in the bone marrow, blood plasma, spleen, and testes were decreased, 
while the concentration in the muscle was increased. Increasing the dosage 
of BAL or initiating treatments at the time of Po injection did not improve 
the results. 

It is of interest to note that in this case the feces were the principal route 
of enhanced excretion. This is the reverse of the results obtained with EDTA 
and other chelating agents acting on other elements. While the blood level 
of Po was lowered, the dialyzable fraction of Po in the blood of treated rats 
was seven times that of the untreated. This is reasonably explained by sup- 
posing that 

BAL exerts its principal effect by forming a BAL-polonium complex, freeing 
polonium bound to protein ... by virtue of the strong binding power of its dithiol 
group. The BAL-polonium complex is readily diffusible and therefore the complex 
in the blood stream may diffuse into the muscle tissue, may readily filter through the 
kidney glomerulus, and may be secreted into the gut (42). 


Surprisingly, few studies have been made in which increased excretion 
of a radioisotope has been correlated with increased survival or other criteria 
of effectiveness. Since BAL decreased the total amount of Po in the body 
and reduced the level in the more radiation-sensitive organs (from the acute 
standpoint) it would be expected that the survival time of Po*°-poisoned 
rats would be increased. Hursh (43) found that control rats injected with a 
lethal dose of Po*° (36 uwc./kg.) had a median survival time of 22 days com- 
pared with 89 days in the BAL-treated rats. Eighty-nine days is consider- 
ably longer than the median survival time of 57 days which would have 
been expected from the amount of Po retained in the body after BAL treat- 
ment. It was concluded that the 
detoxifying effect of BAL cannot depend only upon increased excretion but must also 
consist in a mobilization of polonium from radiation-sensitive tissue such as bone 
marrow and spleen into radiation-resistant muscle tissue. 


Citrates.—As can be seen from Table IV, citrates have been employed 
frequently in attempts to enhance the excretion of radioisotopes. This is to 
be expected in view of the fact that they are normal constituents of the 
tissues and blood of mammals. 

Even under optimum conditions the effect of citrates on excretion of Pu 
and rare earths is relatively insignificant. Studies on the effect of citrate- 
metal complex formation on the metabolism of several rare earths have been 
reported (44). In the case of intramuscular injection of the radioisotopes, 
complexing the rare earth with citrate increased the amount absorbed from 
the injection site several-fold. While citrate treatment reduced the amount 
of rare earth deposited in the liver, a large increase in skeletal deposition and 
kidney deposition was noted. 
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With thorium and strontium early administration of sodium citrate gave 
surprisingly large effects (37). Rats were injected intraperitoneally with 
200 mg. of sodium citrate (4.0 ml. of a 5 per cent solution) 30 min. after 
the intraperitoneal injection of Th®°, They were sacrificed 8 days 
later. The control rats excreted a total of 28 per cent of the injected Th”*° 
compared to 47 per cent by the treated rats. Nearly all of the increased 
amount of Th” excreted was derived from the liver which contained 30 per 
cent of the injected Th®® in the controls compared to 14 per cent in the 
treated rats. Significant reduction in the Th content of the spleen, pan- 
creas, and kidney was also observed. When the injection of sodium citrate 
was made 3 days after Th”*° administration, no effect either on tissue distri- 
bution or excretion of the radioisotope was noted. In these experiments only 
a single injection of sodium citrate was given. In the same experiment when 
sodium citrate was administered intraperitoneally 30 min. after intra- 
peritoneal injection of Sr®®® the total excretion of Sr®®° was increased 
from 30 per cent to 46 per cent of the injected dose. In this case most of the 
increased amount of radioisotope excreted was derived from the skeleton. 

The effect of citrate on Th was not unexpected inasmuch as citrates are 
known to complex Th salts very strongly. This complexing action was fur- 
ther demonstrated by the fact that the diffusibility of Th in blood serum is 
markedly increased by the addition of sodium citrate (37). 

Citrate forms a weaker complex with Sr than with Ca. By making use of 
an expression, originally given by Kety (29) for lead citrate, to solve for 
available citrate, one can obtain the ratio of complexed Sr to free Sr in the 
blood serum: 

(SrCit~) _ Kercu- ., (CaCit-) 

(Sr++) Keacu~ “* (Ca**) 
where Cit= represents the trivalent citrate anion and K the formation quo- 
tient. From the known values of Ca** and citrate in blood serum the ratio 
(CaCit-)/(Ca**) is found to be 0.063. From the values of K given in Table 
III: 


XV 





(SrCit-) = Kress 710 
= 0.063 = ——— X 0.063 = 0.031, 
(Sr**) Keacit~ 1450 x 





Hence, most of the Sr in serum is uncomplexed. 

When 200 mg. of sodium citrate is injected into a rat whose blood volume 
is 15 ml., then, assuming no destruction of the injected citrate, the concen- 
tration of citrate per ml. =200/15=13.3 mg.=4.5 X10 M. This is a 450- 
fold increase over the normal blood citrate level which is about 18 to 30 yg. 
of citrate per ml. or approximately 10~* M (81). This would raise the value 
of (CaCit~)/(Ca**) to about 24 and the value of (SrCit~)/(Sr**) to about 11. 
Despite the fact that injected citrates are destroyed rapidly by the body 
(probably within 2 to 3 hr.) enough Sr is complexed during that time to 
permit enhanced excretion. It must be realized that most of the increased 
excretion of a radioisotope caused by a chelating agent occurs in the first 
few hours after treatment. 
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Thirty minutes after Sr injection, the amount of Sr in the circulation is 
approximately 10 to 20 per cent of the amount injected (37). Consequently, 
the increased urinary excretion of Sr which followed the citrate treatment 
given at 30 min. was derived from circulating Sr which otherwise would have 
been deposited in the skeleton. In other words, sodium citrate administra- 
tion did not remove deposited Sr from the bone. It should be kept in mind 
that calcium excretion is also increased by citrates. Actually, the citrate 
levels must be maintained in large molar excess over calcium so that suffi- 
cient amounts remain to react with the radioisotope. 

If the metabolic destruction of injected citrates could be reduced or if 
an elevated citrate level could otherwise be maintained in the tissues and 
blood, it should be possible to improve the ability of citrates to accelerate 
excretion of radioisotopes. Under these conditions the citrates could be of 
value in the treatment of many radioactive poisons. In principle this is 
possible. Since citrates are involved in metabolic cycles it is possible to ad- 
minister drugs which block the destruction of citrates directly or indirectly. 
These drugs include nonlethal doses of sodium fluoroacetate which cause 
large and sustained elevations of citrate levels in the kidney, spleen, and 
other soft tissues but not in blood (81). Guanidine and guanidine deriva- 
tives increase the blood citrate levels two- to threefold (82). Finally, Vitamin 
D appears to accelerate citric acid production in bone (83). We are investi- 
gating the use of these agents for the treatment of poisoning by radioactive 
and nonradioactive metals. 

Miscellaneous chelating agents—A compound related to EDTA, called 
Fe-3 and shown in Table II, causes substantial increases in the excretion of 
Pu and Ce. In an experiment with rats 100 mg. of Fe-3 was injected intra- 
peritoneally each day for five days beginning on the forty-eighth day after 
injection of a mixture of Pu and Ce (64). The urinary excretion of Pu was 
increased six- to sevenfold over control levels during the treatment. Some 
increase was observed during the three days following the cessation of Fe-3 
administration. With the same dosage schedule Fe-3 increased the urinary 
excretion of Ce as much as six times over the level of the control group as 
compared to a maximum of a threefold increase observed when Ca-EDTA 
was administered (46). No effect on fecal excretion of Ce was observed. 

It is possible that the effectiveness of Fe-3 is related to its ability to form 
complexes which are more stable in alkaline solution than those of EDTA. 
Probably more important, it may form weaker chelates with Ca** while 
reacting to an undiminished degree with transition elements. 

Another compound which shows more promise even than EDTA is N- 
hydroxyethylethylenediamine triacetic acid (Versenol)® the structure of 
which is shown in Table II. Versenol administration to humans has been 
found to cause a marked increase of urinary excretion of iron (84). There- 


5 Versenol is available from the Bersworth Chemical Co., Framingham, Mass. 
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fore it should react strongly with plutonium, cerium, and similar radioiso- 
topes. 

In addition to EDTA, numerous other synthetic derivatives of amino 
acids may well be useful for the treatment of radioactive poisons. A list of 
possible compounds can be gleaned from tables in reference (32), pages 
532-41. 

Other sulfhydryl compounds besides BAL which have been tried for the 
treatment of experimental plutonium poisoning are methionine and cysteine. 
No significant effects have been obtained, although it has been observed 
that cysteine decreased the amount of intramuscularly injected Pu (VI) ab- 
sorbed from the injection site (26). In later studies, no general alteration in 
tissue distribution of Pu was found following cysteine administration (40), 
but the treatment did decrease the absorption of intramuscularly injected 
Pu (VI). According to Van Middlesworth (26) the latter effect might be ex- 
plained by a reduction of Pu (VI) to the more poorly absorbed Pu (IV). 

Among numerous other chelating agents which have been used in con- 
junction with rare earths but which do not appear promising for therapy are 
creatine, cholic acid, glutathione, and trimethylamine tricarboxylic acid (44). 


COLLOIDAL ION EXCHANGE CARRIERS AND ZIRCONIUM SALTS 


Introduction.—Early in 1945 it was thought that the excretion of plu- 
tonium from injected animals would be increased by treatment with large 
amounts of the soluble salts of various metals (35). This suggested treatment 
was based on the displacing ability of one metal for another, i.e., cation ex- 
change. The metals considered were those possessing a high valence and a 
metabolism similar to plutonium. Salts of lanthanum, cerium, and zirconium 
were among those tested. Because of their low toxicity and ability to pro- 
mote excretion of plutonium, zirconium salts were the most promising. 

Subsequent studies, summarized in reference (74), proved that the in- 
jection of zirconium salts, especially zirconium citrate, caused marked in- 
creases in the excretion of plutonium and the representative rare earth, 
yttrium. The mechanism of action of zirconuim was postulated to be a car- 
rier action rather than a metal displacement action (40, 73). This carrier 
concept was demonstrated by experiments involving other metals. The 
mechanism of action of zirconium salts is explained as follows (74): 


After the entrance of Zr salts into the bloodstream, colloidal aggregates are neces- 
sarily formed because of the hydrolyzability of Zr, i.e., above a pH of about 2 an 
insoluble precipitate of Zr hydroxide is formed. The circulating Pu is adsorbed by 
these aggregates and the subsequent disposition of the Pu is therefore directly related 
to the metabolism of the Zr. 

If this concept is correct, the salts of other hydrolyzable metals that also form 
colloids in the blood should be similar in action to the Zr salts. This is borne out by the 
results with Mn, Fe, Al, and Ti. The salt of a basic, non-hydrolyzable element, 
magnesium, had no observed influence on Pu metabolism. 

The eventual tissue distribution of the circulating colloidal particles, however, is 
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a function of their particle size distribution ... Zr colloids of relatively large size 
are deposited primarily in the liver and spleen. ... Therefore the tissue or organ 
distribution of that fraction of Pu removed from the blood can conceivably be varied 
within considerable limits by means of different carriers. 


The injected zirconium exists in the bloodstream as insoluble aggregates 
which chemically include the phosphates and hydroxides of zirconium. These 
insoluble zirconium salts function, at pH 7, as a combined anion and cation 
exchanger of very high capacity (~1 millimole per gram) and have an ex- 
traordinarily high affinity for ions (K. A. Kraus & H. O. Phillips, private 
communication). Consequently the more basic ions such as the alkali metals, 
alkaline earths, and many of the trivalent rare earths are presumably taken 
up by injected zirconium salts by ion exchange, while the hydrolyzable ele- 
ments such as Pu and Th are taken up by adsorption or co-precipitation. 

Inasmuch as the injected Zr salts function both as anion and cation ex- 
changers, they should be particularly effective against those elements which 
exist in different charged forms simultaneously such as ruthenium. 

In the sections to follow, we will summarize the results of experimental 
studies using Zr salts to promote excretion of injected radioisotopes. The 
limitations and potentialities of Zr treatment either alone or in conjunction 
with EDTA are explored. 

Metabolism and toxicity of zirconium salts—A thorough review of the 
toxicity and physiological effects of zirconium compounds has recently be- 
come available (85). The conclusion is that zirconium salts are remarkably 
low in toxicity. The acute LDso of zirconium citrate is about 2 gm./kg. Rats 
receiving a total of 15 injections, given over a period of 5 weeks, of zirconium 
citrate in single doses of 50 mg. as Zr (~175 mg./kg.) showed no ill effects 
except a transient weight loss (75). Histological examinations of the liver 
showed no evidence of damage. 

Doses of zirconium citrate as high as 400 mg./kg. as Zr were well tolerated 
by dogs (76). However, the high citrate level in the zirconium solution does 
depress the ionized calcium content of the blood. This effect may be counter- 
acted by calcium administration (76) to prevent hypocalcemia. When given 
with calcium gluconate, the administration of zirconium citrate by intra- 
venous drip under conditions approximating those used clinically did not 
alter the blood pressure or respiratory rate of a dog injected with 1050 mg. 
Zr (137 mg. Zr/kg.) (Unpublished data). 

The lack of overt toxic effects of injected zirconium salts reported above 
seems at variance with effects observed after injection of zirconium malate 
(70) and zirconium citrate in man. After several doses of 50 mg. of Zr as zir- 
conium malate, patients became dizzy and developed symptoms of inco- 
ordination and other symptoms of vestibular damage similar to those some- 
times observed following eighth nerve damage by streptomycin. A signifi- 
cant observation is that those preparations of zirconium salts which cause 
these adverse effects are unstable on standing, possessing a very short shelf 
life (86). The explanation of these unexpected toxic effects is probably that 
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these solutions were sterilized by autoclaving at elevated temperatures. Heat 
sterilization may cause zirconium chelate to decompose. Decomposition of 
hydrolyzable metal salts by heat is well known. For example, heat steriliza- 
tion of ferric cacodylate solutions (National Formulary VIII) results in the 
formation of colloidal iron oxide (87), increasing the toxicity several-fold. 
Nonsterilized zirconium salt solutions made in our laboratory and by others 
are stable without any signs of deterioration for indefinite periods (at least 
a year). It is apparent, therefore, that solutions of zirconium citrate must 
be prepared in sterile form without autoclaving. This can be done by mixing 
sterile water and sterile sodium citrate solutions with zirconyl chloride. The 
latter solution, when prepared in concentrated form, is presumably sterile. 

Following the injection of zirconium citrate solutions prepared according 
to published directions,* more than 90 per cent of the Zr is excreted in the 
urine, a small amount in the feces, and a small amount is retained in the 
skeleton and soft tissues (36, 40). Approximately 5 per cent is retained in the 
muscle and skin, at least for a few days. Kinetic studies on the rates of dis- 
appearance of Zr from the blood and rates of incorporation in tissues by 
Kawin, Copp & Hamilton (40) will be referred to later. 

Very little zirconium is absorbed from the gastrointestinal tract when it 
is given orally as zirconium citrate. Hence, this route of administration is 
not feasible for the treatment of radioactive poisoning. 

Effects of zirconium salts on the excretion and retention of radioisotopes.— 
Zirconium citrate treatment has some degree of effect on removal of nearly 
all of the fission products and transuranic elements as shown by the data in 
Table VI and Table VII. 

The effect of zirconium is greater the sooner it is administered after the 
injection of the radioisotope, just as was the case when chelating agents were 
used. An important difference, however, is that a single injection of zir- 
conium given before or after administration of the radioisotope will con- 
tinue to influence the excretion or retention of the radioisotope for periods 
of days or weeks depending on the initial dose of Zr. 

When zirconium citrate is administered in combination with a radio- 
isotope (i.e., simultaneous treatment) the effect on excretion is maximum. 
In an experiment by Kawin and associates (40) radioyttrium, Y®, and radio- 
zirconium, Zr®, were mixed either with sodium citrate solution or with zir- 


* A 100 ml. batch of zirconium citrate is prepared as follows (36): To 18 ml. of a 
filtered solution of pure (iron-free) zirconyl chloride (ZrOCI,) containing from 130 to 
140 mg. as Zr. per ml. add, while stirring, 80 ml. of a 12.5 per cent solution by weight 
of sodium citrate, Na;CsH,O;-2H,0O. A precipitate first forms which subsequently dis- 
solves. Two ml. of a 20 per cent NaOH solution are added and the zirconium citrate 
solution is filtered through quantitative filter paper. The final solution should be clear 
and colorless. It has a pH of ~6.3 which can be adjusted to 7 if desired, and contains 
about 25 mg. as Zr per ml. and the equivalent of a 10 per cent sodium citrate solution. 
Because of its hypertonicity (Na*= ~1.1 M) it is advisable to dilute it at least three- 
fold for intravenous use. 





wer eH ° 


eS ww 


SS SS 


wae — 


Se Ve 












































AT 
(Ob) | ZT 8Z 8 1Z 9) ¢T ¢ Ajayerpowiury OF “A'I oA 
(OF) ral cl OT LS 8P | £ Ajay erpaurwy OF "AY rr aire | 
(OF) cl 6 ST tT bP Le £ Ajajeipawury OF ‘A'l % IN 
(OF) 6F 09 9 9 ST 9°¢ ¢ Ajayerpouruy] OF ‘A'l w19D 
(sadaj+-)  (sadaj+-) (sg4G 0} 011d) 
(29) — _ 9¢ 19 09 rE S anoy | SZ ‘d'I 64S 
(saoaj+) (s909J+) 
(19) — — SP 19 OF re $ anoy | Sz ‘dl 634 
7 (LL) cl ¢T 1Z ge 9¢ Ts OT “UIUE CT OF “AT wuly 
a (LL) ST ge 77 Te ce | ey v “UIUL CT OF ‘A'l well 
_ 
= poyevary, sjoyjUOD |pezeery, sjomjuoD | pojeary, sjoru0D (sep) 
Z adojos1 2do}0s! (4Z se uonen 
‘PY u0}23[24S ouliy) _ -OIpel Jaze *3u) “ rum pe adojos! 
ye IZ jo uorjdafur | 973eI319 17 jo aynoy -OIPey 
asoq] pasaysiuIMIpy Jo 3UaD Jeg pa jo out ne 








SLVY NI SAdOLOSIOINVY INAAAAAIG] dO NOLLNGIALSIG] GNV 
NOILAYDXY AHL NO ALVALID WNINODUIZ AO NOILVULSININGY IVANOLIMAdVULN] JO LOaday 


IA ATAVL 


400 















REMOVAL OF RADIOELEMENTS 401 





conium citrate. In three days the zirconium-treated rats excreted 97 per 
per cent of the Y°® compared to only 24 per cent by the sodium citrate- 
treated rats (Table VIII). Following this simultaneous injection of radio- 
isotope and Zr, the tissue distribution and excretion of the two are nearly 
parallel, indicating that the zirconium is indeed serving as a carrier for the 
yttrium. 

The effect of varying the time of zirconium citrate administration on the 
metabolism of Pu and Y is shown in Table IX. The sustained action of a 


TABLE VII* 


EFFECT OF TREATMENT WITH ZIRCONIUM CITRATE AND ETHYLENEDIAMINETETRA- 
ACETATE (EDTA) ON THE EXCRETION AND RETENTION OF 
MIXED FIss1ion PRODUCTS BY THE Ratt 




















Per Cent of Administered Dose of Mixed Fission Products 
Zr Citrate Na-EDTA Zr Citrate 
(25 mg Zr per rat) (10 mg per rat) +Na-EDTA 
Tissue Zr 1 hr EDTA 
Control Pre- 1 hr Pre- 
1 hr 1 hr 1 hr 1 hr + + 
Pre- Post- Pre- Post- EDTA Zr 1 hr 
1 hr Post- 
Post- 
Skeleton 30.043 9.4+0.8 18+1 25+3 25+3 12+1 17+2 
Excreta 35 +4 530 +3 43+3 50+9 42+7 51+4 63+2 
Liver 25 +S 14 +3 16+2 12+2 21+2 10+1 740.4 
Muscle and skin S$ +4 16 +2 12+2 4+0.2 9+5 19+5 10+3 























* Based on data in reference (68). 

+ Each rat received 25 microcuries of mixed fission products, 255 days old, consisting principally 
of Zr%, Cel4, Y%, Sr89-90. and Pri48, The rats were sacrificed 5 days after receiving the mixed fission 
products. Both the mixed fission products and the treatments were injected intraperitoneally. 


single dose of Zr is shown by the fact that it is possible to decrease skeletal 
deposition of injected Pu or Y even when Zr is administered 8 days before 
the radioisotopes. The urinary excretion of Pu can be increased even when 
Zr is injected 23 days earlier (74). Aside from possible effects of zirconium 
citrate on the degree of reabsorption of radioisotopes during passage through 
the kidneys, these sustained effects of Zr are probably related to the fact 
that a small fraction of the Zr circulates in the bloodstream for several days 
after injection. Kawin, Copp, & Hamilton (40) have demonstrated that a 
substantial fraction of injected zirconium citrate leaves the serum with a 
half-life of nearly 5 hr. However, there is little doubt that if the period of 
observation had been extended, longer-lived fractions would have been found. 

Although it has been shown that the skeletal deposition of Pu or Y 
is markedly reduced when Zr citrate is administered soon after the Pu (Table 
IX), this is not proof that Pu or Y are actually removed from the skeleton. 
Control animals given radioisotopes but sacrificed at the time that zir- 
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conium was injected (1 hr. later), contain the same skeletal levels of Pu or 
Y as the zirconium-treated animals sacrificed three days later (74). Conse- 
quently, it appears that the Zr only prevented any further deposition of 
Pu or Y in the skeleton after the time of treatment. Additional evidence for 
this is that Zr causes a very rapid loss of circulating plutonium from the 
blood. Within 5 min. after Zr injection the blood level of Pu in treated rats 
is less than half that of the controls, while 1 hr. later the control rats had 53 


TABLE VIII 


DISTRIBUTION AND EXCRETION IN RaTs OF ZR® AND Y°® WHEN MIXED WITH SODIUM 
CITRATE OR ZIRCONIUM CITRATE AND INJECTED INTRAPERITONEALLY* 























Per Cent of Injected Doset 
Tissue Zirconium Citrate Sodium Citrate 

Yttrium Zirconium Yttrium Zirconium 
Femur 0.2+0.05 0.2+ 0.05 2.4+0.3 2.4+0.2 
Liver 0.4+0.1 0.3+ 0.05 5.1+1.0 6.2+0.6 
Kidneys 0.2+0.03 0.3+ 0.08 3.440.3 4.8+0.4 
Carcass 2.0+0.5 6.1+ 0.8 65.4+4.3 75.8+3.0 
Urine 91.2+4.3 86.6414.8 16.4+2.9 4.3+0.7 
Feces 6.0+3.5 6.5+ 2.8 7.342.3 6.5+0.7 
Total Excreta 97.2 93.1 23.7 10.8 











* After table in reference (40). The radioisotopes were injected in 1.6 ml. of a 10 
per cent sodium citrate solution, or 1.6 ml. of a zirconium citrate solution containing 
a total of 40 mg. of carrier zirconium. The rats were sacrificed 3 days after injection. 

Tt Values in the table were adjusted to 100 per cent recovery. Actual recoveries 
were 78.7+7.0. Each value is the mean from 4 or 5 rats. The deviation is expressed 
as the standard error of the mean. 


per cent of the Pu dose in the blood compared to only 6 per cent in the Zr- 
treated rats (74, 88). Furthermore, within 1 hr. after Zr injection the uptake 
of Pu by bone reached a plateau, while Pu deposition in the bone of un- 
treated rats continued (88). Similar conclusions as to the mechanism of the 
effect of Zr on bone deposition of radioisotopes have been reached in the 
more extensive investigations of Kawin, Copp & Hamilton (40) on the 
kinetic aspects of radioisotope metabolism following treatment with zir- 
conium citrate. 

The effect of the amount of zirconium citrate administered on the excre- 
tion and distribution of injected Pu in rats is shown in Figure 1. The amount 
of Pu excreted into the urine is proportional to the dose of zirconium, while 
the reduction in skeletal content was nearly independent of the amount of 
Zr injected or of the number of doses given. As little as 5 mg./kg. as Zr is 
sufficient to cause a several-fold reduction in the Pu level in the skeleton. 
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This means that it is possible to minimize skeletal deposition without a con- 
comitant rise in urinary excretion—an important point in the evaluation of 
the effects of Zr treatment in cases of human radioactive poisoning. 

The effect of Zr on Pu excretion is largely independent of the concentra- 
tion of Pu injected (79) and the valence state of Pu (40, 76). 

The effects of Zr may be altered by changing the particle size distribution 
in the Zr injection solution. It is possible to prepare the zirconium citrate 
solution so that the ratio of citrate to zirconium is decreased. This has the 
effect of increasing the particle size of the carrier colloids so that a greater 
percentage of the Zr is found in the liver and much less is excreted in the 
urine. When such preparations, or similar ones with other metals, are in- 
jected into Pu-injected animals it is found that the amounts of Pu in the 
skeleton are reduced but that no proportional increase in urinary excretion 
occurs. Further, the liver possesses higher than normal levels of Pu (74). 
An excellent experimental demonstration is given by Gofman et al. (89, 90) 
of the relationship between the distribution and excretion of injected colloids 
relative to their chemical composition (ratio of complexing agent to metal) 
and particle size. 

Preliminary evidence (76) indicates that zirconium citrate treatment 
may be far more effective in dogs than in rats. Administration of zirconium 
citrate to dogs injected intravenously 30 min. previously with Pu (IV) 
actually removed most of the deposited Pu from both the skeleton and soft 
tissues. It reduced the overall body content tenfold and the skeletal level 
approximately twentyfold (Table X). In this case Pu was evidently actually 
removed from the skeleton and other tissues. At the time Zr was injected 
about 50 per cent of the injected dose of Pu was in the blood [calculation 
based on extensive metabolic studies on several dogs (34)]. Since 90 per cent 
of the injected Pu was removed from the dog, approximately 40 per cent 
must have come directly from the skeleton, liver, and other organs. 

Investigations have been made to ascertain whether the use of para- 
thormone might increase the effectiveness of zirconium (40). It was thought 
that if resorption of bone by parathormone could mobilize Pu and Y, they 
might be made susceptible to the action of zirconium. However, it was found 
that parathormone action did not enhance the effect of zirconium on the 
excretion or internal decontamination of Pu or Y. Neither did the parathor- 
mone alone have any effect. 

The effectiveness of Zr treatment in chronic radioactive poisoning has 
not been studied adequately. It is known that the administration of Zr 
citrate weeks, months, or even years after injection of Pu will cause a sig- 
nificant rise in the urinary output. For example, in a dog treated five months 
after Pu injection, the urinary excretion of Pu rose following the use of only 
4.15 mg./kg. of Zr. A larger injection of Zr (15.8 mg./kg.) about a month 
later produced a threefold increase in urinary excretion and kept the urinary 
Pu at a slightly elevated level for the following two to three weeks (36). It 
is reasonable to conclude that optimal doses of Zr could have produced a 
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larger increase in the urinary excretion of Pu. An injection of zirconium cit- 
rate into this dog two and one-half years after Pu exposure also produced a 
prompt rise in excretion. However, whether repeated injections of Zr can 
remove long-standing deposits of Pu or other fission products has not been 
determined by adequate experimentation. A start has been made by Hackett 
(75). Thirty-two days after rats were injected intravenously with Pu (IV) 
one group received three intraperitoneal injections of Zr citrate a week for 
five weeks. The rats were sacrificed 71 days after Pu injection. Some reduc- 
tion in skeletal concentration of Pu appears to have been obtained but the 
data were too scattered to establish significance. 


TABLE X* 


EFFECT OF ZIRCONIUM CITRATE TREATMENT ON THE EXCRETION 
AND RETENTION OF INJECTED PLuToNIUM (IV) in Docstf 




















Per Cent of Administered Dose of Pu (IV) 
Tissue Analyzed Zr treated (mg. Zr/kg. per injection) 
Controls 
50 100 200 400 
Skeleton 81.0 3.8 4.2 7.9 2.6 
Liver 19.0 0.5 3.0 1.0 0.5 
Spleen 0.009 0.12 0.37 0.11 0.05 
Blood 0.1 0.18 0.02 0.005 0.009 
Carcass (less organs 
and skeleton) 0.8 6.5 0.6 1.4 0.3 

















* Based on data in reference (76). 

t The Pu solution injected was plutonium citrate buffered to pH 6. The controls 
consisted of two dogs while only one dog is represented by each Zr level in the treated 
groups. Treatment was begun 30 minutes after the injection of Pu and was repeated 
twice each week for three weeks (6 injections total). Both Pu and Zr were injected 
intravenously. 


There are several considerations in the treatment of radioactive poisoning 
in humans by zirconium citrate. The most important is that a sufficient 
dose of zirconium be given as soon as possible after the exposure in order to 
obtain a maximum excretion and minimum retention of the radioelement. 
Treatment should be intravenous. If it is desired only to minimize bone 
deposition, doses as small as 5 to 10 mg./kg. of Zr may be sufficient. With 
such small doses the urinary excretion may not be appreciably altered. Since 
the biological half-life of Pu in the soft tissues is far greater than in the bone 
and since Pu may be more easily removed from the soft tissues, it should 
be possible to reduce the long term retention of Pu by the soft tissues, par- 
ticularly if Zr treatment is continued with injections administered approxi- 
mately once a week. If, in addition to the small doses of Zr, Ca-EDTA is 
utilized then there is little doubt that the soft tissue levels of the radioiso- 
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tope would be decreased. The results in animals of combined Ca-EDTA—Zr 
citrate treatment are covered more fully in the next section. 

If the results on dogs given in Table X are confirmed and applicable to 
humans, then it is conceivable that treatment with Zr citrate given at spaced 
intervals in doses of at least 50 mg./kg. may shorten the biological half-life 
of Pu by a factor of approximately 50 or more. 

The rate at which the blood level of Pu following Zr treatment returns 
to or approaches the pretreatment level should be determined. This infor- 
mation would facilitate the design of the most effective treatment schedule 
and, in addition, allow estimations to be made of the rates at which depletion 
of the tissue deposits occurred. 


TREATMENT OF RADIOACTIVE POISONING BY COMBINED 
Ca-EDTA AND ZIRCONIUM CITRATE 


In acute studies with rats injected with plutonium, zirconium citrate 
causes greater reductions in bone Pu deposition while EDTA is more effec- 
tive in reducing soft tissue concentrations. A solution containing both agents 
would therefore be expected to be more effective than either alone. The ex- 
perimental results (78, 79) shown in Table XI give striking proof of the 


TABLE XI 


COMPARISON OF EFFECTS OF ZR CITRATE AND CA-EDTA on Pu RETENTION IN Rats* 






































Per Cent of Administered Pu Retained 
Treated Rats 
Tissue . 
Zr Citrate CaEDTA | ,% pterd ' 
Controls (50 mg. Zr (600 mg. (2 “ on, Be 
per rat) per rat) 4-300 mg. EDTA) 
Pu Dose =0.0014 yg. per rat 
Skeleton 57.7+4.0 12.7+ 1.2 33.2+2.6 _ 
Soft tissue 14.8+3.6 14.8+ 3.6 5.1+0.9 — 
Total animal 72.6+3.3 27.54 4.2 38.2+2.6 — 
Pu Dose = 140 dg. per rat 
Skeleton | 46.3+5.2 13.9+ 5.6 27.542.7 10 
Soft tissue 24.7+4.8 21.2+ 5.9 10.8+5.0 12 
Total animal 71.0+4.6 35.1+10.9 38.34+3.4 22 





* Based on data in references (78) and (79). Rats were given intraperitoneal 
treatment 30 minutes after the intraperitoneal injection of Pu (IV) citrate. All 
animals were sacrificed 30 days after Pu injection. 

{ The values given here were read off a graph in reference (78). 
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greater effectiveness of the Zr citrate—Ca-EDTA combination in reducing 
retention of Pu and they furnish a comparison of the individual therapeutic 
agents under the same experimental conditions. The reduction in skeletal 
deposition following the combined treatment was no different from that ob- 
tained with Zr alone. 

In the case of 255-day-old mixed fission products, the combined use of 
EDTA and zirconium citrate did not improve skeletal decontamination over 
that obtained with zirconium citrate alone (Table VII). In this case, Zr 
alone reduced appreciably the skeletal level of radioelements while EDTA 
alone caused a small decrease in the amount of fission products deposited in 
the skeleton (68). 

Further investigations on the use of combined therapeutic agents for 
internal decontamination are necessary. 


MISCELLANEOUS APPROACHES, CHEMICAL AND PHYSIOLOGICAL, 
FOR THE TREATMENT OF RADIOACTIVE POISONING 


Attempts to treat radioactive poisoning by several other methods have 
been made. None of these has had a significant effect, at least for the specific 
radioisotope tested. They include 

(a) induced diuresis by injection into dogs of hypertonic saline in the 
case of Pu (36); 

(6) disturbance of the organic matrix of bone by induction of scurvy 
using a scorbutogenic diet in the case of Pu, Sr, and Y (26); 

(c) use of a protein-free diet in the case of Pu and Sr (26) to disturb bone 
protein; 

(d) causation of bone resorption with subsequent use of a diet calculated 
to induce formation of a layer of new bone, in the hope that the new bone 
would act as a mass absorber to shield the living cells from radiations from 
deposited Pu (18); 

(e) use of endocrine changes such as cretinism which was produced by 
thyroidectomy of rats at birth. The resulting hypothyroidism inhibited the 
deposition of radiostrontium in the skeleton. When growth hormone and 
thyroxin were administered either alone or together to the hypothyroid rats 
the skeletal concentration of Sr®*-*° increased to levels which in some cases 
exceeded those of the normal controls (91). 

It is conceivable that stimulation of the cells of the reticuloendothelial 
system may enable them to cope more adequately with phagocytosis of 
radioactive particles. Substances such as oestradiol benzoate and choline 
cause stimulation of these cells (92, 93). Choline has been found to enhance 
the rate of disappearance from the blood of colloidal CrP*O, (93). 

An interesting possibility in the treatment of radioelement poisoning is 
the modification of tubular resorption processes in the kidney. In the case 
of radium, for example, more than 90 per cent of the radium passing through 
the kidney is resorbed back into the circulation. Even a relatively small de- 
crease in the degree of tubular resorption of radium, caused by use of selec- 
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tive blocking agents for the renal tubules, could cause a significant increase 
in the urinary excretion. 


Certain pathological conditions such as diabetes or normally-occurring 


physiological changes of many types, such as those that follow exercise, 
result in increased blood levels of organic compounds possessing chelating 
properties. Investigations of the effects of such induced changes in animals, 
e.g., alloxan-induced diabetes, would be of fundamental interest in the 
mechanisms of transport and removal of radioactive elements from the body. 
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VERTEBRATE RADIOBIOLOGY: PHYSIOLOGY? 


By ABRAHAM EDELMANN® 
Biology Department, Brookhaven National Laboratory, Upton, New York 


In preparing this article, it became apparent to the author that during 
the few years which have elapsed since his last review (1), significant ad- 
vances and changes in ideas had taken place. The descriptive phase of radio- 
biology has passed, and investigations are more concerned with the mech- 
anisms of the phenomena. The number of scientists engaged in research in 
this field has increased and concomitantly the number of publications has 
grown. Additional evidence of not only this growth of interest but also the 
interdependence of biology, physics, and chemistry in the general field of 
radiobiology is the rapid growth of the Radiation Research Society and its 
journal, Radiation Research, both dedicated to a degree of integration of the 
natural sciences to the understanding of radiation effects. 

One of the subjects receiving a great deal of interest was that of protec- 
tion against the action of the rays. Alexander et al. (2) have reviewed the 
methods, both in vivo and in vitro, in use in evaluating the protective effect 
of various compounds. The function of the protective substance is possibly 
competitive removal of free radicals. The HO: radical may be important in 
bringing about the biological aftereffects which result in delayed death. 
Bonet-Maury & Patti (3) tested various chemicals and biological substances 
for protective effect. Preirradiation treatment with coal gas, KCN, and 
malonitrile offered protection, but none of these were effective when given 
after irradiation. No protection was afforded by the following, given either 
pre- or postirradiation: catalase, dinitra, sulfocyanide, sodium fluoride, mer- 
cury bichloride, hydroquinone, para-aminosalicylic acid (PAS), thiourea, 
gallic acid, thiomalic acid, formol, antithyroid agents, narcotics, tempera- 
ture, antidiarrhetic agents, antihemorrhagic agents, Bardach’s serum, liver 
extract, spleen extract, and antihistaminic agents. 

Langendorff et al. (4) found that combinations of cystine and cortineurine 
were effective, and reconfirmed the protective action of cysteine and cyste- 
amine. N-acetyl-cysteamine, cystinamine, and thiourea were also of benefit 
while di-thiopropanol (BAL) was not. The effects of n-acetyl-cysteamine and 
thiourea were evidenced even when administered 2 hr. prior to irradiation. 
These workers also indicated that radiation resistance was not increased by 
all compounds containing —SH groups. 

Additional evidence of the action of cysteamine is furnished by Nelson 


1 The survey of literature pertaining to this review was terminated in June, 1955. 

* The following abbreviations are used throughout the text: PAS (para-amino- 
salicylic acid); DNA (deoxyribonucleic acid); RBE (relative biological efficiency); 
KVP (kilovoltage, peak). 

* Present address: Nuclear Science and Engineering Corporation, Pittsburgh 36, 
Pennsylvania. 
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(5), who found that this substance, given 30 min. before 800 r, exerted bene- 
ficial effects as measured by body weight, and time and rate of survival. 

Ketones derived from pyrogallol, particularly 4-decanoylpyrogallol and 
4-laurolpyrogallol were found to provide effective protection in mice by 
Lacassagne (6). Experiments on the ability of flavonoids to protect mice 
from the lethal effects of radiations have been equivocal. Arons et al. (7), 
however, present evidence that pretreatment for 10 days with bioflavenoid 
affords protection against radiation damage to the nail bed capillaries of 
humans. 

When irradiated rats are joined to unirradiated rats by parabiosis the 
great majority of irradiated animals receive permanent protection according 
to Schneider et al. (8). Adrenalectomy or splenectomy of both parabionts 
results in reduced protection, while adrenalectomy or splenectomy of the 
nonirradiated partner significantly changed the degree of protection. The 
authors concluded that the spleen is necessary in the nonirradiated partner 
for permanent protection by parabiosis. Although the results from all para- 
biosis protection experiments are not in agreement, it appears to the present 
author that the method is effective. The manner in which parabiotic protec- 
tion is accomplished may be dual in nature. The unirradiated partner may 
act as a ‘‘detoxifier” of substances produced in the irradiated parabiont and 
carried to it by the circulation and also it may serve as a supplier or donor of 
factors necessary to the recovery of the irradiated animal, for example, the 
spleen or bone marrow “factor.” 

The blood elements are the most dramatically affected and offer one of 
the more sensitive and readily studied criteria of radiation damage in mam- 
mals. It is therefore not surprising to find continuing advances in this field. 
Langendorff et al. (9) have reconfirmed the effects of spleen shielding and 
homologous and heterologous transplants in mice. Heterologous liver, trans- 
planted intravenously, also increased the radioresistance of mice, and this 
is taken as evidence for a humoral factor affecting these responses. Loutit 
(10), in a short but good review of work attempting to determine whether 
spleen or bone marrow, or both, exert their effects through a humoral or a 
cellular mechanism, concludes that the cellular hypothesis has not been ex- 
cluded. Lorenz & Congdon (11) demonstrated the protective effect of bone 
marrow transplants. Bone from mouse or rat transplanted intraperitoneally 
protected mice. Bone marrow formed in the homologous transplants, and it 
is postulated that this originated from the osseous tissue. Despite the pro- 
tection afforded the mice by the rat bone, marrow tissue did not form and 
this is construed as evidence for a humoral factor or factors in this protection 
mechanism. Confirmatory evidence of the protective effect of bone marrow 
implants in mice has been produced by May & Arparian (12). 

Beef embryo extract is also protective in mice, and Haley et al. (13) have 
fractionated this material and found no effect on total mortality as a result 
of injections of the fractions, attributable, they feel, to the presence of a 
beneficial and a detrimental factor in the extracts. 




















VERTEBRATE RADIOBIOLOGY: PHYSIOLOGY 415 


Gershon-Cohen & Hermel (14) studied the changes in whole and differ- 
ential white counts in rats during the first 24 hr. after 85 to 5000 r. Marked 
differences occurred in the differential curves between those receiving sub- 
lethal and those receiving lethal doses. The authors suggest possible diag- 
nostic and therapeutic applications. An increase in the incidence of bilobed 
and binucleated lymphocytes in peripheral blood with the peak occurring at 
one week after 75 r or less is reported by Belleck & Storer (15). 

The granulocyte count taken four to seven days after exposure was as- 
sociated with the survival of mid-lethally irradiated mice in the experiments 
of Smith et al. (16). No association between survival and lymphocyte count 
was found. 

Rust ef al. (17) reported that burros given 200 r fractionally of Cobalt® 
y-rays responded similarly to, but slower than, 400 r. The decrease of plate- 
lets was correlated with a bleeding tendency which developed in the ninth 
irradiation day. One hour after 600 r, a marked hyperferremia is observed 
in the burro but the maximum response is observed following 1800 r. 

Jacobson (18) has reviewed the factors concerned with the survival and 
recovery of the blood-forming tissue after irradiation. 

A decrease in the nucleic acid content of bone marrow after irradiation 
was found by Schwartz et al. (19), while Erickson et al. (20) reported that 
injections of bone marrow suspension caused an overproduction of DNA 
purines in bone marrow and spleen of previously irradiated rats. The in- 
corporation of C'-tagged adenine into liver DNA purines of mice (21) was 
decreased by irradiation. A decreased DNA content of mouse mammary 
carcinoma cells in saline was found after irradiation (22). Harrington & 
Lavik (23), however, found that while irradiation markedly and constantly 
inhibited the incorporation of P® into DNA phosphorus, of orotic acid-2-C™ 
into DNA pyremidines, and of sodium formate-C"“ into DNA guanine, the 
incorporation of adenine-8-C™ into DNA purines was not inhibited. 

Irradiation suppressed the inclusion of P® into the protein fraction of 
rat spleen, and shielding of the spleen resulted in a markedly reduced effect 
(24). Radiation damage to the spleen was also demonstrated by Scherer & 
Stolle (25) who reported a decrease in Janus green staining particles of 
spleen cells after exposure. This is considered to damage elements concerned 
with the metabolism of enzymes. In this connection, the phosphorylation, 
oxygen uptake, and P/O ratio of isolated spleen mitochondria are signifi- 
cantly reduced 4 hr. after irradiation (26). However, measurements made 
by DuBois & Petersen (27) indicate that the adenosine triphosphatase and 
5-nucleotidase activity of spleen and thymus of irradiated rats and mice ex- 
hibit a transient increased ability to hydrolyze adenosine triphosphate and 
5-adenylic acid. Fellas e¢ al. (28) reported that the acid-active deoxyribo- 
nuclease of rat spleen also increased markedly after whole body irradiation. 
The change was not apparent in the neutral enzymes of liver or spleen. Com- 
plementing these studies, Kowlessar et al. (29) found increased acid and 
neutral deoxyribonuclease activity in the urine of irradiated rats. 
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Smith et al. (30) found the time of increased adenosine triphosphatase 
activity after irradiation of mice to be shortened by treatment with spleen 
homogenate. There was little change in total spleen adenosine triphospha- 
tase in mice treated with homogenate, while there wasa prolonged decrease 
in levels of this substance in the nontreated controls. 

Irradiation caused decreases in the concentration and turnover of the phos- 
phorus of DNA of regenerating rat liver (31). Sherman & Forssberg (32) 
found that the specific activity of ortho P and acid-labile P from rat livers 
were markedly increased immediately after irradiation, but were lowered by 
1 hr. The specific activity of the adenosine triphosphate fraction was not 
increased much until 24 hr. The specific activities of these fractions in vitro 
did not differ from the controls. The specific activities of these compounds in 
muscle were reduced by irradiation. 

Schreier et al. (33) reported no defect in the ability of starved rats to 
conjugate benzoic acid-carboxyl-C™ as a result of x-irradiation. 

A study of enzymes in the lens during the development of radiation- 
induced cataract has been made by van Heyningen et al. (34). During the 
development of opacity in an irradiated lens, the activities of glyoxalase 
and acetaldehyde oxidase fall. Aldolase activity falls in the opaque lens. 
Coenzyme A and nicotinic acid levels also decrease gradually during the de- 
velopment of the opacity. Shock & Puntenney (35) consider the lens itself 
to be the site of injury in radiation-induced cataract although the ciliary 
body is temporarily injured. 

Cysteine injected to the subconjunctiva protected the epithelium, 
stroma, and endothelium of the cornea against 40,000 rep of 8 rays from a 
strontium” ophthalmological applicator (36). 

The central nervous system of both man and monkey have been found 
to be much more radiosensitive than previously supposed. In a series of 
studies (37 to 40) Arnold and his associates have found the effects not to be 
due to blood vessel occlusion. There is a definite selectivity on the part of 
white matter. Glial cells are adversely affected, and alterations in structure 
and function can be correlated with the total radiation dose, the intensity of 
administration, uniformity of dose distribution within the tissue, and the 
duration of time of observation after exposure. The primate brainstem and 
hypothalamus are more radiosensitive than cortical areas, responding to 
moderate dosage of radiations. Since the paraventricular and supraoptic 
nuclei, as well as the rest of the hypothalamus, are radiosensitive, the authors 
suggest that perhaps the therapeutic benefits which follow irradiation of the 
hypophyseal region for pituitary dysfunction are attributable to the effects 
of x-rays on the hypothalamus. Guinea pigs were given massive doses (1000 
to 25,000) of radiation either to the head or entire body by Brace et al. (41). 
They found the higher the dose the earlier the death, with more pronounced 
symptoms of central nervous system involvement. 

The monkey is being used more and more as an experimental animal in 
radiobiology. Eldred & Trowbridge (42) found the 30-day LD50 to be about 
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600 r and the LD100 about 800 r. The monkey usually vomits during ir- 
radiation. This is followed by a symptomless period and then one of gastro- 
intestinal disturbance, one of hemorrhage and infection, followed by con- 
valescence. Early deaths are associated with the gastrointestinal and hemor- 
rhagic phases, while the late deaths are scattered. The usual changes in the 
blood picture appear to be the most sensitive index of exposure. 

Warren & Kaplan (43) suggest the possibility of using a monkey intelli- 
gence test in the analysis of the effects of radiation on psychobiological 
efficiency. Doses up to 1500 r had no deleterious effects on the performance 
of monkeys (44). Following a lethal exposure the principal behavioral defi- 
cits were an increase in reaction time and failure to respond in the testing 
situation (45). 

Jetter et al. (46) found mortality to be increased in dogs exhaustively 
exercised after 300 r of whole body x-irradiation. Kimeldorf & Baum (47) 
found similar results in rats exhaustively exercised daily after irradiation. 
The body, gluteus maximus, kidney, and thymus weights were reduced, 
while the adrenal weight was increased in animals subjected to daily ex- 
haustive exercise or exposed to x-rays. The spleen and heart were enlarged 
after exercise, while they were reduced after most x-ray doses. The testis 
and pituitary weights were reduced by irradiation but not by exhaustive 
exercise. 

More work was done on neutron effects. The relative biological efficiency 
(RBE) of thermal neutrons from the Los Alamos ‘‘Water Boiler’’ was found 
to be 1.37 10!° n/cm.?/rem compared to 250 KVP x-rays (48). Storer et al. 
(49) reported that animals exposed to lethal doses of neutrons die earlier 
than those exposed to equal rem doses of x- or y-rays when rem was deter- 
mined on a 30-day lethality basis. No unusual effectiveness of neutrons on 
the intestinal tract was found. Harris et al. (50), using spleen and thymus 
atrophy in mice as a test for the RBE of 14 Mev neutrons, found that an 
exposure of 1 10* 7/cm.* was equivalent to 1 r of x-rays. On a basis of rep 
calculated from theoretical single collision curves, the data indicated the 
RBE of these neutrons to be about 1.6. 

The pathology in mice resulting from thermal neutron irradiation was 
described by Upton et al. (51). Qualitatively these are indistinguishable from 
those of x-radiation. The RBE was similar for most late effects, i.e., the in- 
duction of leukemia and other neoplasms and reduction of longevity, as for 
acute lethality and acute hematologic injury. The RBE of thermal neutrons 
was several times higher for cataract induction than for acute lethality. 

For dominant lethality in the offspring of irradiated male mice, Russell 
et al. (52) found the RBE of detonation neutrons as compared to cyclotron 
neutrons to be between 0.8 and 1.18; this difference in effectiveness of the 
two radiations was not statistically significant. 

Following 320 to 1000 r of ionizing radiation from an atomic bomb, 100 
per cent of exposed swine died (53). Using splenic and thymic weight loss in 
mice, Worman et al. (54) found 6 rays from tritium to be 1.3 as effective as 
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radium gammas. A single injection of 1/32 to 1/2 the 30-day LD 50 of U* 
and U8 was found to have no chronic or delayed toxic effects (55). 

Increased survival in rats exposed to radiation through grids having holes 
of various diameter but a constant open- to closed-area ratio resulted in in- 
creasingly greater survival as the hole size was decreased according to 
Kereiakes et al. (56). It is thought that the results are attributable to repair 
initiated in the irradiated areas from adjacent normal tissue. 

Hursh et al. (57) demonstrated that the average survival time of 60- 
day survivors of a single dose of 600 r is significantly smaller than that of 
those receiving 600 r divided into either 10 daily doses of 60 r per day or 30 
daily doses of 20 r per day. The same authors (58) found that the LD50 of 
60-day survivors of 600 r was reduced after a second exposure. This is be- 
lieved to result from an irreparable injury produced by the first dose. Baum 
et al. (59) exposed male rats one or more times to 75 r at 7-day intervals. 
Hematological examinations indicated that the maximal changes were 
largely independent of the number of exposures and reflected, mostly, the 
effects of the last irradiation. This was ascribed to the capacity of the hema- 
topoietic system to recover from this dose in the 7-day interval. 

Body-weight changes can reflect the degree of radiation damage. Chap- 
man (61), using male mice, confirmed this and found different characteristics 
of the weight curves at different dose levels, and for the different sexes, 
males being the more radiosensitive. Body-weight decreases were also fol- 
lowed by Mancié (see 62), who also described an increase in the weight of 
the liver which he ascribes to increased protein metabolism, and a great in- 
crease in fat metabolism. Supplee et al. (63) found the liver of irradiated 
rats to increase in weight as early as 6 hr. after exposure to 600 r. The in- 
crease was due mainly to glycogen, but water content was also higher. 

Following intravenous administration of colloidal radioactive gold to 
dogs, with consequent irradiation of the liver, the plasma content of serum 
albumen was decreased while that of gamma globulin was increased (64). 
The ascitic fluid was found to contain all plasma proteins, with albumen, 
¥2-globulin, fibrinogen, and y-globulin predominating. 

Continued investigations of the lipemia in irradiated rabbits have shown 
correlations between increases of certain classes of lipoproteins and subse- 
quent time of death (65). Milch et al. (66, 66a) reported that irradiation of 
the rabbit hind limb leads to a hyperlipoproteinemia which is similar to that 
seen after tourniquet ischemia or other muscle injury. 

Following exposure to a strontium-90 source, Witten ef al. (67) found 
two waves of erythema in the skin of patients. The first appeared in one to 
five days, the second in 32 to 59 or 58 to 73 days, depending upon the dis- 
tance of the source during exposure. Griffith et al. (68) contrasted B- and 
x-ray effects on skin and found the two similar at low doses with the x-ray 
damage becoming more severe as the dosage is increased. The effects of 
cobalt® and radium * on rabbit skin were compared by Meschan & Nettle- 
ship (69), who found them to be identical except that those of cobalt were 
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more severe. Ungar & Damgaard (70) observed that B-rays depress local 
skin reactions to certain inflammatory stimuli, possibly by interfering with a 
tissue protease system which plays an important role in the inflammatory 
mechanism. They suggest that perhaps this inhibitory effect can be applied 
to the early detection of radiation injury. 

The spreading of intradermally injected Evans blue is more rapid after 
whole-body x-irradiation. This radiation-induced permeability of dermal 
connective tissue occurs during the period of increased vascular permeability 
and purpura (71). 

Moshman & Upton (72) suggest that the depigmentation of the fur of 
mice is correlated closely enough with the radiation dose to constitute a 
biological character. This correlation varies with different regions of the 
coat, the top of the head being most constant. 

A review of radiation-induced skin cancer, with 21 case histories, has 
been prepared by Petersen (73). Bali & Furth (74) report that hemangio- 
endotheliomas can be induced by x-rays. Koletsky et al. (75) suggest an in- 
direct or systemic mechanism induced by radiation as possibly operating, in 
addition to direct tissue injury, in promoting carcinogenesis. 

Increased susceptibility to experimental infection is demonstrated by ir- 
radiated animals, according to Shechmeister (76), who also reports that sub- 
lethal irradiation activates subclinical or latent infection in mice and possibly 
in rats. The resulting bacteremia is an important factor in radiation death. 
Scott & Stannard (77) showed that latent Bartonella muris infection in the 
rat can be activated by injecting Polonium?!® or whole-body x-irradiation. 
These authors feel that an active bartonella infection in the rat does not 
exacerbate the lethal effects of an acute radiation dose, although the hemato- 
logical response can be greatly altered. Bond et al. (78) discuss the patho- 
genesis and pathology of postirradiation infection, its role in the radiation 
syndrome, and its relation to other sequelae of irradiation. In combating the 
bacteremia brought on by irradiation, Haley et al. (79) feel that medication 
with antibiotics should start within the first postirradiation week, before 
massive bacteremia, to be effective. 

A significant retardation of wound healing, as measured by tensile 
strength from the sixth to eleventh day after irradiation, was found in mice 
by Raventos (80). No effect of irradiation on the sensitivity of rats to pain- 
ful thermal stimuli was observed by Ballin & Wilding (81), nor did they 
observe the radiation doses used to affect the analgesic response to morphine 
sulfate, codeine phosphate, meperidine hydrochloride, and methadone 
hydrochloride. The codeine, meperidine, and methadon in high dosage did 
not affect the ultimate lethality in mice. 

Gros & Comsa (82) found that a reduction in metabolic rate in guinea 
pigs by phenothiazine and the methyl ester of piperidine-carboxylic acid 
increased resistance to irradiation. The effect was at its maximum when the 
animals were irradiated 10 hr. after injection, and disappeared after 24 hr. 
Anesthesia with nitrous oxide may possibly afford some protection but 
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four other anesthetics did not. A critical change in response to anesthesia 
may occur immediately after irradiation, however (83). 

Radiation reduces the tolerance of guinea pigs to anoxia as shown in 
experiments by Konecci (84). 

Mateyko & Edelmann (85) have shown the rat pituitary to be radio- 
sensitive, responding by alterations in the type of trophin elaborated, i.e., 
adrenocorticotrophin at the expense of gonadotrophin or thyrotrophin. The 
isolated adrenal cortex responds to y radiation by a significant reduction 
in secretion of certain steroids (86). This perhaps results from the decreased 
ability of the gland to carry out certain oxidations and hydroxylations afte1 
irradiation (87). 

Wyman e] al. (88) found that irradiation of the prospective site of im- 
plantation of adrenals was more effective in preventing the transplantation 
than irradiation of the gland itself. However, once the implant was success- 
ful, direct irradiation of the tissue was more effective as regards its ability 
to grow and its histochemistry. Santisteban et al. (89) confirmed the need 
for adrenal secretions after irradiation. 

Lindsay et al. (90) have described histological changes in the human 
thyroid following administration of various forms of internal and external 
radiations. Levene et al. (91) did similar experiments with dogs. Monroe et 
al. (92) reported that the thyroid-irradiated rat accumulated and bound 
more iodine than the unirradiated controls. A disturbance in the growth rate 
of rats and monkeys has been described by Hamilton et al. (93) following 
administration of astatine*!. It is felt that this is initially attributable to 
acute radiation injury and then to endocrine changes resulting from lack of 
thyroid hormone. Differences in effect of iodine’! and astatine*! are de- 
scribed. 

Fleischmann & Brackin (94) found that the testosterone-induced 
growth of accessory sex organs of castrate male rats is only partially in- 
hibited by x-irradiation. 

Following irradiation, Smith & Lewis (95) found a marked increase in the 
number of atypical mast cells in the cheek pouches of hamsters. There was 
also a reduction in the total number of mast cells and repopulation was slow. 

Clinical observations and data on the survivors of Hiroshima have been 
published in a series of papers by Ishibashi (96). Looney (97) stresses the 
importance of locating individuals with histories of previous administration 
of isotopes. These would provide a major source of clinical material for study 
of long term effects, if any, of small amounts of isotopes. 

Tabershaw & Harris (98) have reviewed health and safety regulations at 
federal, state, local, and industrial levels. This is of moment because of the 
increased use of fissionable materials by industry, made possible by the 
Atomic Energy Act of 1954. 

Gould et al. (99) suggested y radiation of pork as a prevention of trichino- 
sis, and Gomberg e¢ al. (100, 101) pointed out the economic and practical 
feasibility of this. Goldblith & Proctor (102) discussed the relative merits of 
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B particles and y rays for radiation sterilization of foods and concluded that 
while y rays provide a more uniform distribution of energy, the efficiency of 
utilization is lower than that for 8 particles. The use of radiation for steriliza- 
tion and preservation of foods has been discussed in some detail (103, 104). 
It would appear that the feasibility of this process as regards certain food 
products is clear and worthy of continued investigation. 
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